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FOREWORD

NASTRAN® (NASA STRUCTURAL ANALYSIS) is a large, comprehen-
sive, nonproprietary, general purpose finite element computer
code for structural analysis which was developed under NASA
sponsorship and became available to the public in late 1970. It
can be obtained through COSMIC (Computer Software Management and
Informaticn Center), Athens, Georgia, and is widely used by NASA,
other gover,ment agencies, and industry.

NASA currently provides continuing maintenance of NASTRAN®
through COSMIC. Because of the widespread interest in NASTRAN®,
and finite element methods in general, the Eleventh NASTRAN®
Users' Colloquium was organized and held at the Holiday
Inn-Fisherm=an's Wharf, San Francisco, May 2-6, 1983. (Papers
from previous colloquia held in 1971, 1972, 1973, 1975, 1977,
1978, 1979, 1980 and 1982, are published in NASA Technical
Memorandums X-2378, X-2637, X-2378, X-2893, X-3278, X-3428, and
NASA Conference Publications 2018, 2062, 2131, 2151 and 2249.)
The Eleventh Colloquium provides some comprehensive general
papers on the application of finite element methods 1in
engineering, comparisons with other approaches, unique applica-
tions, pre- and post-processing or auxiliary programs, and new
methods of analysis with NASTRAN®,

Individuals actively engaged in the use of finite elements
or NASTRAN® were invited to prepare papers for presentation at
the Colloquium. These papers are included in this volume. No
editorial review was provided by NASA or COSMIC, however,
detaile¢ instructions were provided each author to achieve
reasonably consistent paper format and content. The opinions and
data presented are the sole responsibility of the authors and
their respective organizations.
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BANDIT in NASTRAN

Gordon C. Chan : N84 1 5 59 1

Sperry Corporation
SUMMARY

BANDIT (ref. 1 and 2) has been implemented into the NASTRAN April ‘83
release. It is now a permanent feature in NASTRAN and will be included in all
future releases for all four computing machines (I1BM, CDC, UNIVAC, and VAX).

INTRODUCTION

Originally BANDIT operated as a preprocessor of NASTRAN. It read the
NASTRAN input cards and produced a set of resequencing (SEQGP) cards that would
greatly reduce the computational time required by the matrix decomposition
module of NASTRAN for a large structure. In the past, many computer centers had
installed BANDIT in their systems together with the NASTRAN program. The user
would run the BANDIT program and NASTRAN as if they were one program (or two
separated programs depending on how the two programs were actually tied together
in the computer systems). In some cases, the user was required to pass the
input cards and the output SEQGP cards between the two programs, and in others,
the data was manipulated through the use of cataloged disc files. Although
there is nothing wrong with this BANDIT-NASTRAN arrangement, there are, however,
several shortcomings:

1. Each installation requires patching the BANDIT-NASTRAN operation for
each new NASTRAN release.

2. The complete NASTRAN input deck is read and decoded twice, once by
BANDIT and once by NASTRAN, which is inefficient and redundant. In
addition, BANDIT requires that all continuation cards must follow
immediately their parent input cards.

3. BANDIT uses Fortran files which may become dead files for NASTRAN which
uses its own GINO files. These dead files are carried along throughout
the entire duration of NASTRAN execution.

4. when source code js added to NASTRAN for a new connection element, the
element table in BANDIT needs to be updated and re-compiled, and the
BANDIT executable program re-generated, or the $-APPEND option must be
used.

5. There are four versions of BANDIT for IBM, CDC, UNIVAC, and VAX com-
puters.

The BANDIT in the NASTRAN April '83 release has removed all the above defi-
ciencies, and it comes in one version applicable to the four computing machines.



To reduce redundancy and other input limitations, all the input card handling
subroutines of the original program were not used. Only thirty-two of the ori-
ginal seventy-two source codings were 1installed in LINK 1 of NASTRAN. The
overlay segment for BANDIT routines is therefore greatly simplified. BANDIT is
executed now only when the user's input deck is read in by NASTRAN, decoded, and
free of error.

BANDIT IMPLEMENTATION

The implementation of BANDIT in NASTRAN follows two simple guidelines: a
NASTRAN user needs no prior knowledge of BANDIT, its theory, and input
requirement; and BANDIT should not prematurely fterminate the NASTRAN job due to
user input error. In addition, most of the useful features and program flexi-
bility of the original BANDIT version are retained in this implementation,
Eight options are available to the user to utilize some special features that
the program offers. The original BANDIT program uses the $-sign input cards for
these options, whereas in NASTRAN, NASTRAN card input (see NASTRAN User's
Manual, p. 2.1-2) is used. The following table compares the two methods (with
default values underlined):

Original BANDIT in
BANDIT NASTRAN OPTION USEAGE
$GRID=n (not used) To inform BANDIT no. of grid points

$MPC=NQ,YES  BANDTMPC=(C,1,2 To include MPC's and rigid elements in re-
sequencing (1), rigid elements only (2),
or nore of these (0)

(none) BANDTDEP=0,1 To include (0) or to exclude (1) dependent
grids if BANDTMPC-1, or 2

$METHOD=CM,  BANDTMTH=1,2,3, To use Cuthill-Mckee method (1),

=GPS, Gibb-Poole-stockmeyer method (3), or
=both both (2)
$CRIT=2,1,3, BANDTCRI=1,2,3 To set criterion for evaluation: rms-wave-
4 4 front (1' bandwidth (2), profile (3),
or max-wavefront (4)
$PUNCH=NQ,YES BANDTPCH=0,1 To punch (1) out SEQGP cards and terminate
NASTRAN job
$NASTRAN=NO, (not used) To execute NASTRAN after BANDIT (IBM only)
=YES
(none) BANDTRUN=Q,1 To generate SEQGP cards unconditionally

(1)

e



Original BANDIT 1in
BANDIT NASTRAN OPTION USEAGE

$DIMENSION=n BANDTDIM=m To redefine scratch array dimensions to n
(or 100x[m], default=159)

(none) BANDIT=-1,0 To skip BANDIT in NASTRAN (-1)
BANDIT OPTIONS

Currently NASTRAN provides two methods to skip over BANDIT operation.
First, the NASTRAN BANDIT=-1 option can be used. The second method is to
include one or more SEQGP cards in the bulk data deck. In this second method,
BANDIT would terminate since the user has already stated his choice of SEQGP
resequencing cards. However, the NASTRAN BANDTRUN=1 option can be used to force
BANDIT to generate new SEQGP cards to replace the old SEQGP set already in the
input bulk data deck. In all instances when BANDIT is executed, NASTRAN will
issue a page of summary to keep the user informed of the basic resequencing com-
putations. The user may refer to reference (1) for definition of the technical
terms used.

The NASTRAN HICORE card can be used in the UNIVAC machine to increase the
open core for BANDIT operation. In all machines, BANDIT automatically counts
the number of grid points used in a NASTRAN job, and it is able to set up the
exact array dimensions needed for its internal computation. However, if the
user's structure model uses more grid points in the connecting elements than the
total number of grid points as defined in the GRID cards, BANDIT will issue a
fatal message and stop. In the case where non-active grid points (defined in
the GRID cards but nowhere used in the model) do exist, BANDIT will add them to
the end of the SEQGP cards, and their presence will not cause fatal crashing in
a NASTRAN job.

Rigid elements and MPC's are included in the BANDIT computation only when
the BANDMPC=1 (or 2) option is requested, and their depending grid points can be
controlled by the BANDTDEP option. The rigid elements are treated as a set of
MPC cards (ref. 3). Reference (1) states: "It should be emphasized here that
only in rare cases would it make sense to let BANDIT process MPC's. The main
reasons for this are that BANDIT does not consider individual degrees of freedom
and, in addition, cannot distinguish one MPC set from another."

CONSIDERATION OF SOME SPECIAL ELEMENTS

The axisymmetic elements produce two grid numbers for each grid point
(RINGAX) defined in the bulk data deck. Therefore, BANDIT in NASTRAN will use
twice the number of grid points in its computation and produce the 1000000 and



2000000 series of grid numbers in the generated SEQGP cards. Other pseudo ele-
ments (such as the surface elements used in heat or fluid problems) which are
not present in the element definition table (GPTABD data block) of the NASTRAN
program are therefore excluded in BANDIT computation. On the contrary, any new
element (developed by user), whosé specification is defined in the GPTABD data
block, is automatically brought into grid point resequencing.

NASTRAN RESTART

A few comments about NASTRAN restart jobs and BANDIT are needed to clarify
BANDIT operational procedure:

1. BANDIT is automatically skipped if it is an unmodifiad restart job.
However, the previously generated SEQGP cards are already absorbed into
the NASTRAN data base, such as the EQEXIN, SIL, BGPDT, etc. A message
is printed to inform the user that BANDIT is not needed.

2. BANDIT is always executed if it is a modified restart job.

3. BANDIT can always be executed if the restart job contains one or more
of the NASTRAN-BANDIT options (e.g., NASTRAN BANDTMTH=2). A NASTRAN
BANDIT=-1 option can be used to stop BAND.T execution unconditionally.

At the beginning of a NASTRAN job, the Input File Processor modules (IFP1
and IFP) in LINK 1 read the executive and case control cards and process the
complete bulk data deck. The SEQGP cards generated by BANDIT are added directly
to the NASTRAN data base (GEOM1 file) at a much later stage. In other words,
since these SEQGP cards are not part of the original bulk data deck, they are
simply not available for the restart/alter feature of NASTRAN.

NASTRAN BULYMATA OPTION

A new option (key work BULKDATA) is also added to the NASTRAN card in the
April '83 release. It allows NASTRAN just to examine the input data deck and
echo any user error detected. Since this new option (NASTRAN BULKDATA=1) and
any of the BANDIT options share a common switch in NASTRAN internal programming,
they cannot be used simultaneously. The BANDTPCH option acts almost like the
BULKDATA option, but in addition, the SEQGP cards are punched out.

CONCLUSION

The author wishes to thank Dr. G. C. Everstire for his permission to use
his program (BANDIT, release 9.0) for this project.
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NASA/MSFC NASTRAN AUXILIARY I/O ROUTINES

Malcolm Tagg
McDonnell Douglas Technical Services Company
and
Bob Thornton
Boeing Computer Support Services

ABSTRACT

Since the initial installation of NASTRAN on the UNIVAC 1100/82
computer at the Marshall Space Flight Center (MSFC), a number of
"local" codes have been incorporated as “user routines." This

paper describes four of these codes and how interested users may
obtain additional information.

INTRCDUCTION

The MAP elements supplied by COSMIC/NASTRAN contain the user
subroutine names OUTPT4, DUMOD3, etc., along with corresponding
dummy subroutines, Locally generated "user routines" are
compiled and the relocatable elements are copied over *+he dummy
relocatables for mapping intoc the COSMIC/NASTRAN system. Several
local codes have been generated for the MSFC computer
installations by BCSS and its predecessors and incorporated into
NASTRAN ii: this manner,

The routines were written in the FORTRAN V language as used with
standard COSMIC/NASTRAN. All of the appropriate links were
mapped using the MAP elements supplied with the COSMIC/NASTRAN
package.

The "user rcutines" are described in the following format: 1)
purpose of routine or function, 2} installation of routine into
standard COSMIC/NASTRAN, 3) example showing use of the routine.
Note that the routine names used in the text differ from the DMAP
"calling" r nes.

BACKGROUND/REQUIREMENTS

OUTPT4 - This module waes written to create FORTRAN-written,
unformatted user tapes containing banded matrix data
recovered from NASTRAN matrix data blocks as requested
by the user via the OUTPUT4 DMAP instruction. The data
is in a simple compa.t, convenient form and contains no
special labeling codes.

INPTT4 - Companisn module to OUPT4, reads matrix data blocks
from OULPT4 tapes.

DUMOD3 - This module was created to convert NASTRAN tabnlar data
blocks into matrix data block format for convenience in
manipulation and output, especially by OUTPT4. The
element or gridpoint identification data is also
recovered and output separately.



INPTT3 - This routine uses coding supplied by Rockwell International
(RI) for reading matrix data in that company's customary
format into NASTRAN matrix data blocks. The RI data is
in a compact Fortran-formatted coded form, which appears
to have quite widespread acceptance in the aerospace field.

PFOR - Print File Data Retrieval post processor originally written to
extract QUTPT4 data from the NASTRAN print file, it {is particularly
useful when data output is required from more than one 1ink exe-
cution as occurs frequently during substructure recovery procedures.
In such cases, the normal output files are rewound after each link
has been executed, thus ensuring that subsequent executions of
the output modu'es will overwrite earlier ones. The print file
is, of course, rewind inhibited. The p.ogram has now been general-
ized to extract all types of data. The user is required to provide
header information to enable the program to find the data on the
NASTRAN print file.

IMPLEMENTATION

1. OUTPT4 - Outputs selected matrices to binary file INP1.
A. Entry Point - OUTPT4; SUBROUTINE: WRTAPE
B. NASTRAN Link: LINK14
C. DMAP Calling Sequence: OUTPUT4 11,I2,13,14,15//V,N,P1/V,N,P2 §
D

. Input Data Blocks: Ii - Any matrix data block which the user
desires to be written on NASTRAN file
INP1. Purged data blocks are ignored.
Up to five data blocks may be output.

E. Output Data Blocks: None.

F. Method: The OUTPT4 routine checks to determine whether the
matrix data block is purged. If it is not, a call is
made to subroutine WRTAPE, which writes each column
of the matrix onto the user tape INP1. Parameters
P1 and P2 provide controls corresponding to those
in the standard OUTPT2 module (q.v.).

G. Example: A comprehensive example of OUTPT4 and INPTT4 usage
is provided as part of the description for the latter
routine.



INPTT4 - reads matrix data from an QUTPT4 file assigned to INP2

into a specified matrix data block.

Entry Point: [INPTT4.
NASTRAN Link: LINK2.

DMAP Calling Sequence:

INPUTT4 /MDB,,,,/V,N,P1/V,N,P2/V,N,P3 §

Input Data Blocks: None.

Qutput Data Blocks:

MDB - Matrix data block to be loaded with data from user file
INP2.

Method: Retrieves one matrix from user file INP2 for each call
to the routine. This file may be the INP1 file gener-
ated by the QUTPT4 routine or a similar user-written
FORTRAN file. The required format for this file and
usage of parameters P1, P2 and P3 are described in
the OUTPUT4 documentation.

Examples: The use of both INPTT4 and OUTPT4 is illustrated in
the DMAP ALTER sequence of Figure 1. Two matrices
are read from a file previously created by OUTPT4
and subsequently printad using the MATPRN module
(Figure 2). The OUTPT4 listing is shown in Figure 3.

Notes:

1. The primary use of this routine is to enable the
user to obtain NASTRAN generated matrices in a FORTRAN
binary format for subsequent use in user-written
Fortran programs. Similarly formatted matrices created
by NASTRAN QUTPT4 or by user-written Fortran programs
can be read into NASTRAN data blocks by using the
companion INPTT4 module.

2. The order of retrieval of matrix data blocks must be
in the order which they were written.

3. Matrices output by QUTPT4 will be written on file
INP1. This tape must be assigned as INP2 in subsequent
NASTRAN runs when using INPTT4 to recover the matrices.
Parameter usage is discussed in the user documentation.
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DMAP ALTER SEQUENCE FOR INPTT4
AND 0UTPT4
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=3¢31423001 ~8.v4%1-01

1.51209¢02
2,33000107 _

FIGURE 2

L 8,504} 402

Tel.22124000

RECTANG MATR )X,

-2+67360+03
~5.00013¢02  1,41919¢0,

3.31632e0%  2.17698¢03
~9.34969¢01 __ 7.66353+01

2.04092403

~1e547%7 0y 3.82732402
“5.69904400 -1,0099003
“l.v6999:03 -2.32856¢02
~6.01263¢01 ~3,19512+02
$,6%191¢0) 7-54985402

3 10812002 -%5,%7702402
$5:30068¢02 ~4.Cudn9e02
1036373052 -t.308L40018
“, 7111801 =2,71073002

1.95193¢00 =-5,95909-01
2.01094¢01  -4.23524%-0})
8.U8687-01  ~w.3y9i0e00
-8.20952-01  1.37650¢00

2,70938¢00 -1.01071002

0, 1012002 -7,97900¢0)

$:9219702 -1.33631000
cled2%.0 % =-§.12320e03
s.Buubl Q0 -2,9

6,90108°03 _- 1.

~e 68983402

1.026)040) $.880)2+01
®.n0150 01 2.80505+02
“N.40500 0!
“8.35I88002  -7,00%50-0%
“<: 811134002 7902002

“LeUNGGH D2 b4 3208002
“3a)9103902 S,
~8,00%88 U} 2.

~2.55%%42-0) Te3¢0p7-08
~7:10)20¢00 0.03088-02
“5.40232-0) 2.43002400

b.eu)9s 050
*Jenlese-0}

-9, 23227-0)
4. 78768000

1.0871300)

“$e213806°0%
9.36227003
~1.CClugel3
1412780402
T.39821+02
3.6%9202002
1.57910002
*1.6C182403
»8471540)

. +5¢s7100)
$.46569402
1.3€917008
~8,31779402
4.2C140002
2.,1C4%) 00
l.41385%°0)
1.73934¢00
-2017284-01
1.82410°02

$.9%0up00n
~0+51g)0003
3,11395+02
8.73917+0)

=9.7900%¢0}
JonT075+0)
$.362946400
*2.70)1000}
*$.21938402
*1.93256¢00
Jal0033°02
3 Jeob2
4] slee0d
~$.,C1920 %00
1.68073-018
02831801
3.0)499+0)

2.73919+00
~8, 06386003
3:261)a00)

“2.29785¢03

=3,2C177.01
~3.,202%102
“§.C1910003
~3.24148¢0)
1.9 604502
_ $.50838,02
1.Cibod002
2.60743002
~~8,8)072:02
8, 7925702
1.60881¢012
®:2%920003
1.06025+00
«2.08080°00
-2,4870002

193204000
1.48003+03
=1.)737403
2.10733¢03
2.8575000)
2.15118+02
3.0252v002
6,51313¢00
1. 76806402
~le818177+02
*2,03199.0}
~1.11022402
392508402
=2.0%63C-02
=1.65187.0)
1o 9429040}
=2.0130%-01

1o dl001e00

,%2003°03
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1T

PATRIE NCPRR

GING FILE %Maw2-
K0 (OLE. = 163
10 a0e$ = 19
v .2

FOnr2 4

CPLN Col 1EGINS
CING SYST . eUIfL
USABLE Ory  (CCRC:

LOLUMN 1

11= ] Az %3
« 179085 7LC8039 ¢ 008
“e 2673607805823 4C0s
«bLIVN2C8753030CuS
«936227212009CCULN
«HTISTITICAN9S0TeLON
e 3¢26C0200350 7 000N
“e SI0V0US55U N (2
« 1575491185106 C0LY
«73962121706087.C03
e S99004307.C00C03
11550337010 00N
e JY6Y99 3002920 CCH
RRIXL AN BT T X141}
e Je0N10)T03ub20 0 L0N
«JlesCo6872105¢C00
“e 1070808729060 +C00
«BSCIN CONIGS0eCLY
e 0930 1C88%4005+0C)
«540569CPN0155¢00)
e 7L60T05659702CULY

«219U3SCYILTIS6COY

« 1363720856790 ¢C0)
~e 1172553697332000)
«92010805%70naeC0}
«, 208459%5029057°00L)

470756051027 9CL2
200939830897 0C02
160199857580 0CU2
¢ 173339301986 °CUL)
+ 5209792100870 001
2963331222769 9CC2
»27093758090C94(0)
“e3065073102709+00)

coLunn 2

1 ) Nz )9y
“. 1CT480210G99) +CL 6
81012783 8033 0CL3
- TIL8H548 34 3200LS

101

36598
Rz 31798
Je1%

=« 1CTOMLZIOCYO 000 H
«BBaN920C1772,¢CO0
«1S302061648 332005

=~ uBu3b592104373¢008
.1336303318293¢000

~e21982¢4360a0)3¢000
«26035304391763¢002
elb3265053298%9002

“.320177478140%eUD2

~eN3yg25785690200)
s3ud)en287001 500038

~e23285%627908 354603
«2929297306316,0002

~e32419320.200,¢002

183706087621 0002

-, 28408096 14285°L02
1087127637385¢002
~e3NbOuLu18I) N, 0002

RISLITTYYSIANLY - 1]
~.6385538010734¢002
«T17183696300,+000
«4792569081035-001
2269520454094 +000
~+5072626679920L~00)
©e4232443730060¢00¢
~e103797186489)+00)
« 10602463091 734001
«31778L5923) 644001
~e268141913839%3¢000

OUTPT4 MATRIX LISTING

LnPLLRLY ANQ WAL ITLN On TSP(.

~e 1532708049608 +00
=021 3061779010005
e 393Nt 120432129008
+6155%620 1 pCu% 200
e331e3163358123008
~+3619%4213707613000n
w1121790933C01000)
“.17201814%893)7,00)
“e1576210120 3814003
= 9699CH03780469008
+8195%5746038964003
21579182%93%9300]3
«1901 0826707500008
+Jelelse?055)690038
«06919127300534002
+112023%608331900}3
85007 )8:624094002
«17835267388)74C03
«59818331692890002
+5300030031950400)
«JAN4)88)185)2200C2
“ 8117792304944 4+008
=0 7NL)T19520087000)
e 0es57073.002
«1YS1 950059934400}
=.2043084751108+001
olyl I8N INIpu] 2002
«1235715v83354900)
«3370914637)723400)
=, 8209519510192+000
“.%%1 1555050387900}

Se10)QIN25220992008 09200975 384424003

..+ 1802773625755+00%
~e7878%9633060¢°00%
=+ 186383406108 40005

.. »310716722071334003

«59978434707132008%
+132303262267%+00%

“sb'65020951155¢073

TIP3 20)0005 _ -, 1507679526046 007 __~.07071266107770000% _

~.117)150%0:0528°00%
2683737830051 0000
22176902854405+00%
~aSELTNLTET27 60000
422924802453} 00CH

“eIC36549076198¢C08_ _~0 15079682C9903¢002___

“s2147413179674 900N
.1 ce98552492274000
05937004059540000
=«1C79iCu985¢104200n
«936117302)6574003

«75498502529050003
~287975787366042900)
+6506377595384¢003
-, 6P504050L 73000003
«H030206511333°00)
~.uCul
«27705098609004002

« P545400043010000%

=+ £08812076400)1 003

e 2e9046773)02290u8 - o 16340659001

*+10034639)0202.00%

=+ i0P83D5I49]125300)

s 7602159649804 7002

~e §293743090040°002
»26924232805080003

~e£7655740110410003
« 21555252351 90+002

*s$832629763095.002

s N0 T1509203219002

«3726250275206%¢002 _

*e 39020934 71358+002

»3106110120479¢003

=, 2026036722

*003
-+ 4564802070050.000

«6003030340934400%

«38793870C1015+008
6008
03J2831355082832C00
«P870055040505¢C03
©oS1660652082083¢00)

-+1354378013309.003

=:672787597C099+003
=+ 1194217003372+003
" 319521790508 90D03
“obC3N0IST424T700000 . 2080821662000°002 _=.8366053009002+002

~s 1966847712531 ¢G03
“s 1825015905927 C0)
“«203711907663)¢003
*e$577C2,020092+00)3
-, 56099005834 750003

3005420003 _ 4 1309160729065¢002 _ ,;4C7409830878°003

=e$25732802¢1020+002

o NUINT207U26650003 =, €52000)6023C9+000  _=,26095662321080002

203087052544 0°002
372608700087 29002
=o590909290971 1,000
H28095C6570704002
+62091979369274002
922936614028 70u0)
o1 30209308214%9002
+1376577600060000)
“sT%0248661158+000

Se2RBTONISRT0310003 =, 904065322922220000 . 1153949372296°002 .

NAN02133500130002
=+32329%80550250008
«12%8110227037+00%

FIGURE 3

«2710177360701002

.. +7080013545%9¢001

+« 2006906504339 00]

=+ 5185811076370+000
»0006065242969+000
« 2497307900624 ¢001
=+ 2372430215000000
»2036351900540+002

~edT200996494)0000

«12¢0100212040007

*e271172700610464+003

. +60610420008D5002

e 9821556300136+4001 __ .9325953400383+002

«676566229C2%4 ¢000
“s8169539696097+008
«30063C7378205+001
=+ 2008798043473 +00)
»1631:9032)034°000

*.2295)30713837+00%
4590 4690483002008

+£921970300955°003 _~.13356305170872+00%

«J027)17573765 003 .
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3.

i

DUi ‘003
A. Entry Point: DUMOD3
B. NASTRAN Link: LINK7
C. DMAP Calling Sequence:
DUMMOD3 TDB,,,,,,,/MDB,,,,,,,/C,N,P1/C,N,0 §
D. Input Data Blocks:
TDB NASTRAN Table Data Block.
E. Output Data Blocks:
MDB NASTRAN Matrix Data Blocks.
F. Method: Converts tabular data blocks into matrix data block
format. Up to eight data blocks may be converted.
The tables are mapped into a P1 x 8 matrix and
the grid point/element ID's into array LTLID which
is listed and punched on cards.
G. Examples: The example illustrates how the SPCFORCE (0QG table)

can be reformatted using the DMAP sequence shown
in Figure 4. The LTLID array of gridpoint ID num-
bers is shown in Figure 5. Figure 6 shows the
NASTRAN SPCFORCE output and Figure 7 shows the
corresponding DUMOD3 matrix, IFLOAD, as output
using QUTPT4. '

12



120 DUMMOD3
121 CHKPNI

122 QuiIPuTN

—
w

axgy ONASTRANGL INUT

9% DIAG g MESSAGE -~ TRAILER fFOR DATA BirolK IFLOAD
50 2 1
LUCKY YOU ~ MISSION ACCOMPLISHED

201

LILIL ARRAY FOLLOWNS

55192
207500
213700
221000
264100
304203

301500

. L o en
ot B © s S b

0QGossneve/ IFLOAD g9 ppevs?7C N 100/C4N D

IFLOAD

TFLOAD,; 4 44//7CoN,0/Cy Ny

[}

sa203
207600
218100
221200
260200

300300

N

DUMOD3 AND OUTPT4 DMAP INSTRUCTIONS

FIGURE 4

LTLID (ELEMENT/GRIDPOINT ID) ARRAY PRINTED AND PUNCHED BY DUMOD3

50302
207700
214840
2216062
260300
300409

50400
208000
215900
221700
2604U0

306500

200300
208500
217500
2220300
260500

3006UD

204790
2Np800
218200
222230
260600

300730

TSI

271000
299209
219700
27225un
260700

303800

FIGURE 5

800 2 1 237 .2’62

ALITYND ¥00d 40
8l 39vd TNIDINO

201300 - -- 231700 -—. 202100 - - 205330 20000

210800 -- 211200 —-211300 --- 211800 211903

220100-—-220230———-220500---.22073p -—- 220800 -

227900 - 228300 --- 228703 .. - 229302 229400
260800 - 260900 -.--261000 262100 262200
303909-— - 321000-——-303300—_321233...._.301302

206403
23138300

-~223900.

230009
300302
301802



1A

POINT 1D.
561
$02
SU3
S04
2003

2007
2010
2013
2017
2021
2053
20&0
2068
20175
202%
2017
2060
2085
2088
2052
210%
2112
2113
2118
2119
21134
2137
2141
214p
2159
2175
2182
2197
2201
2202
2205
2207
2208
2209
2210
22312
2216
2217
2220
2222

TYPE

OOOOCO OO OO OD OO ON oo OO OO OO0

FroORCES

71
-1.206R0% -5
Y.743631-06
1.039475-05
~4,584176-06
e 77679604
8+541583-03
-2,066844~03
~8,890361-04
3.,48%469-D3
1.604°19-p3
4.066217-03
~2.6637U08-03
-5,511136-03
~2.13238A~-04
6.916324-03
-1.584821-p02
l.704B856-02
=7.705988-D¢
-6,792754-03
~5.295667-03
3.217898-03
2620365 -nu
3.677660-03
-4.814323-03
3,294%60-03
-6.645710-03
$5.345116-04
5.601869-03
-4.004943-03
-1.881301-03
-4 _344905-03
~1.063962-02
6.,898105-03
-1.200352-03
~1.789929-03
l.422"85-03
4 585874-03
4.C05%46-03
~3.969116-03
5.832229-04
~1.365599-03
4.266109-04
~6.719694-04
l.261R26-05
~2.L91690-03

oF s

T2
1«199143~04
~2.396781 .04
1.796U75-UL4
~8.99114%48-0%
~4.5949.19-03
-4,224124-03
~1.081322-02
-1.50239qg-02
2.20G84K80-02
-1.295724-03
-6.0563n2-03
2.597022-~02
3.506613-02
~1.43870%-Q2
$.00%87%6~C1
-1.870724-02
-2.640372~-03
5.992521-013
-1.247028-02
~1.091633-02
2.22714%6~02
~2.599823-02
1.458527-92
~1.145327-02
?.743377-013
2.721332-p2
le586585-02
8.156471-03
-5.853392-03
-2.715342-02
1.626265-02
~1.892263-02
~4.473658-03
~1.297658~-02
-2+374513-p3
2.387991-03
-1.132318~-02
1,34,3997-02
1.414543-02
1.90%805-02
-3 3105?. ‘D?
~1.273159-~0?
~be 144261-0D3
9.935439-p3
8.261646-03

1
L1«613958-04
“1e59106~04
1.85L083.04
1.962856-05
=2.675502-0%
3. 366251-05
~3.450337-05
-7+701640-0%
3.17049p-p4
=6.565%84-0¢
-3,244750-0%
=1+893663-0%
-6+132162-05
‘165285005
3,u90334-00
-1.176732~-0%
2.055277-00
4.369p31-05
b.7T8EZNZ-D5
=1e540079-D%
3.254819-pS
8.1RC604~05
4.6%1478-N5
1 .504779~05
~4,.582586-~05
~3.7P6112-D%
=5.719251.00
~1.156978-D4
-3.78%837~05
-4.1994509~-0n5
-3.371852~0%
133¢583-06
5.992265-g6
~bed877478-D%
5.776N4A~05
-3.55b397-~06
3J.139352~05
3.1493458-D5
-6.27Ep3-05
-2.440L898~05
~1.837631-06
Te4BB176-~n5
-2.363826~05
2+497232-05
~2.35%926.05

INGLE-POTI N

D
«0

-0 -

0
«0
-0
o0
-0

Io
0
0
.o
«0
«0
«0
.o
.o
’D
0
.o
«0
0
.u
lo
o
.n
00
«0
.u
.D
-0
.o
’n
.a
-0
.0
-0
.0
.u
'a
0
.0

CONSTRAINT

Rl

R2 L}
e T | IR o0 — ..
«0 (1]

- e - o0- - e 4B -
-0 0
-0 o0
0 o0
S Y P - T
»0 .
EICTEY ¢ I Y |
.D Oo
. — — | »0- R,
0 0
Y LY
»0 0
- Y R Y
0 «D
«0— P« [,
o0 0
Bl UV « S
. «0 0
JRNNSUNEPY SRR Y
o0 0
D e = 3 o0 - .- -
0 o0
Y, | - - - - . o0
«0 -0
BT E L | T -0
0 «0
- o] Py B
-0 «0
- .0 R -—— -0
0 ]
«0 Y | -
0 -0
-0 0
.n ‘o
...... 0 . . —_..0
0 «0
el . W0
.o .o
o 0 - - -
.u .D
Y | »0
«0 (3]
.n .n

NASTRAN SFCFORCE OUTPUT LISTING
FIGURE 6
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ST

MATRIX IFLOAD

GIND FILE NAME= 1901}

NO. COLS.
NO. ROWS =
TYPES 1
FORMZ 2

6

800

CPEN CORE LENGTHZ 1130eb

GINO SYSTEM BUFFER=

1795

USABLE OLEN CORE=ve»ss

COLUMN

11z 2
-.12p068036-Cb
«47436311-C5
L103947S1-04
-~ J4urNy1763-Ls
«2 776796203
8541582502
-.2Ubb4438~_2
-.85903608-u3
«3u8y868E-u2
21024918912
ULUEL2169-L2
-.20637043-02
-a55111363-2
-e213234R3-U3
of .l632U8-L7
-.,15888,20¢-u1
«17028559-u1
-.77059880-u3
-e67927536-,.2
~e52956668-02
J32178978-(2
+26263655-03
.36776596-u2
~e4u8143731-,2
«32948604-02
~.66857099-02
L5345]161-02
.56D18686-U2
- 40049429-02
~.15813013-p2
-« 831450406-02
-.10639619-01
.68981051-C2
-.12003521-02
-.17899293-.2
«14228348-2
-N5058743-02
~8U0S9Mb64-u2
-, 3%691163-02
«506322291-03

h= 62°P

«11991427-33
~«23967495-03
«17553747-03
~.464511439-74
-.45919189-02
-~ 42241237-02
~.10813224-01
-«1502390D-01
222094R05-01
~+12452244-02
-.60563p16-02
«25970218-01
«35U86128-21
-.14387n36-01
«56G58157-22
-+14707243-01
~e264937,5-02
«599252067-32
-e12473242-01
~+10%16229-01
e22271459-D2
~a25998233-01
+14595273-01
~.11453275-01
«¥7433770-02
«27213320n-01
«15465254-01
+B81564706-02
-.58533918-02
~e2715381A-013
«1686265n-01
~.18922612-01
~.40736578-02
-e12976578-p01
~+23785111-02
«236799ub-02
-.11323189-01
«13419978-01
«1%j85423-21
«19y58050-01

e161395706b-33
-415916030-03
«185,0830-33
«1%62R555-04
~e2L7.5019-34
«336625,6-04
~«34503365~-04
-.77016397-04
317 409703
~e65659Xb+05
-« 32447500-34
-e189360206-01
~e613c10623-u4
w165¢R504-0l
L399 3384- 5
~+11767310-00
«20%%27606-05
<4 369031 -y4
«67462422-04
~«154y17RE~-03
«32844)1E8-048
«8lgec6DU4-08
SHENINTTT-gH
«15047738-04
~JM4LA 586004
~«37861124-0u
~.57192513-0%
~¢11569742-33
-+37858167-,4
-4 19Y4500-~-Cu
~-33878517-0u
e13395834~-y5
«59922645-05
~ebBTINTTL-0U
«S5776048 -4
~e355639606-05
«31393525-04
31U 345Ay-On
-+62760133-3%
~e28408977-04

UNPACKED AND YRITTEN ON TAPE.

00Ul apun LNLNLCI0
«0N0600oN «0J0UNgnp
.30J00000 .032unN003
.000rpoun .N300N003
.000000U0 .08 00
.00000000 . 0uDunono
.anocooon .0C0JI030
.00300000 .1300%pno
.0nunocon .0C0u0000
<8Cpppoan «00uNaNu
.0Man00u0 .00CuNLog
.0ouo0onn .ounuNcea
LINUCCCIN .7300un00d
.00G00N3a .033uNga0
.0nL0oca0 .02707000
«000pppyn « 2L0UN000
.0D0000uN .000UN0 4
.30000000 +03707200
.000n0000 . 00001000
00000000 .0uIUN00N0
«000pgeon +100uN000
.00000000 .000uN00g
.00000000 03003030
.0nunoouo .0000N000
.0naogoon .130un0gg
.00300000 .000UN00
-00gpp000 +0000uN0n0
.20000000 .000UNgoa
.00003000 .03000000
.00000000 .0o0GNang
.000CD000 .0000"q00
.00000000 .000LNDOD
«000ppoon +N00UN0OD
.00000000 .0J03"000
RLLDLGET .00001000
300605030 .100000N0
.00000000 .000UN0Qgp
.On0No0an .N30uN030
»00gno000 »1J9UD030
.0N000000 .0U0UNgao
FiGURE 7

.U0390303 .D000C2"
+U0J0000) -—— -~ ,20000000
.003903p5 .00n00393
.00200333 .000000199
.00232333 .00002330
.Q0000363 -  .00000000
.00333303 .00000000
.40300203 ——— »30000330- -
+003004g9 00000030
00330333 - .00000g9g
«00333302 .000000730
.00020200 .00000000
»132302302 00000333
.00300302 - 00000030 -
.U0302 g1 .60000200
.0D3N033) .- .000000gg
.UNJ90303 .00000093
«U3303303 .00093330
.00303303 .000600923
.00300003———.00000000 —
.003080303 .0000007p
.00300307 - - -~ .00000030
.00300309 +00000200
.0N300302 --- .00000000
.00303302 .00000000
.J02003 gy ———-.00000000
.10300007 .00000ggg
.0NY00I33 -— - .00000D33
.00000307 ~00000303
.000N0303 . - .00000000
00000303 .00000000
»00383599 ——— -00000300 ———-
.0930321) .000003gp
.0000029) - - .00009090
.00309332 «00002390
.23300303 - - 00000000
.0N000000 .00000000
+003033 gy — - 00000300
.03222733 .00000g39
-00000303 - - - <00000030

OUTPT4 LISTING OF DUMOD3 MATRIX FORMATTED SPCFORCE TABLE

» 00200000
.02300C00
»02103300
-0330000)
+u1300000
.0N510003
« Q0300205
«0330300¢
+.03200030
~00300040
.00300040
«00200Ga0
+0n303009
»033000200
«033C0000
«03000000
,00200040
«022002322
»00000000
- 00000000
»07000000
.03200000
.03303300
«0N000000
«03000300
.003000a0
«03200000
.003000J0
«00300300
» 00200030
+«00000000
«00100000
. 00000000
+00000000
+«02200000
» 30000000
+00300200
«00300333
«07200302
+00J000u0
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)

INPTT3 - Reads matrix data from an RI-formatted file assigned to

A

B.

C

.

G.

H.

INPT into specified matrix data blocks.

Entry Point: INPTT3.
NASTRAN Link: LINKZ

DMAP Calling Sequence:

INPUTT3 Ko,M0,,,/KX,MX,,,/C,N,-1/C,N,0/C,N,0 §
Input Data Blocks: RT formatted matrices from file INPT.

Output Data Blotks: A1l NASTRAN matrix data blocks.

Method: Reads the matrices from an RI-formatted data file
into NASTRAN matrix data blocks. Up to five
matrices may be read.

Examples: Figure 8 shows the DMAP ALTER sequence required
for loading two matrices into the Normal Modes
Analysis Rigid Format and adding them into the
mass and stiffness matrices. The diagnostic
messages printed by NASTRAN to indicate success-
ful completion of the INPUTT3 instruction are
shown in Figure 9.

Notes: The file INPT must be assigned containirg the
RI-formatted data.

le
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ORIGINAL PAGE 1§
INPUTT3 DMAP ALTER SEQUENCE OF POOR QUALITY

I0 RI ORBITER o h

APP  DISPLACEMENT

soL " 3.0 e e . _— -
TIME 150

$

s INPUTS KO, MO INTO KORB, MORSB

ALTER 36 B

INPUTT3 KOyMO oy '/K()RB,P"DRB' D!’(:QNQ"I/C""D/(:’N,(J s
CHKPNT  KORB,MORg §

:

L 4 FORMS KF1l, MF1 AND ADDS KORB, MORB FORMING KFF, MFF
ALTER 71,72 oo T e - T
EQUIV KNN ok F1/SINGLE/MNNyMF1/SINGLE S
CHKPNT KF1.MF1 S o T T T
ALTER Tu4,75

SCE} USE"KNN'"N“",“FIQKFS"HFI"

CHKPNT  KFS,KF1,MF1 §

ALTER 76

ADDS KF1,KOREB,yy/KFF  §

CHKPNT  KFF 8 i -

ADDS MF1,MORB 49y /MFF_ € _ . o .

CHkPNT  MFF 8

ENDALTER .

CEND T
FIGURE 8

NASTRAN MESSAGE TO DENOTE INPUTT3 MATRIX ENTRY

@X0T NASTRANSNASTRAN.LIMNK2

DATA BLOCK KO FOUND WyHILE SEARCHING FOR KORS
MATRIX glLOcK KORB IS OF S12E 797 BY 797 AND TYPE b
#ee DIAG 8 PESSAGE =-- TRAILER FOR DATA BLOCK KORB = 797 797
DATA BLOCK MO FOUND WHILE SEARCHING FOR ™ORB
MAYRIX BLOCK MORS IS OF SI2E 797 BY 797 AND TYPE [
*9% plAg 8 MESSAGE == TRAILER FOR DATA BLOCK WORS H S o197 197
FIGURE 9
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5. PFDR - Print File Data Retrieval post processor

A.

Method:

Repeated executions of QOUTPUT4 and other output modules within
a single NASTRAN run (especially in DMAP Looping) will cause
previously written matrix data blocks on INP1 to be over-
written by subsequent calls to the output module. This being
a system characteristic, the problem could not be resolved
internally. The matrices were preserved in their entirety,
however, when written by OUTPUT4 onto the NASTRAN print

file. Hence, the print file is saved for subsequent input

to a post-processor which extracts the matrices and writes
them to a single file, which may be .opied to tape for later
processing. This approach enzbies the user to obtain the
results of a number of nuiput requests in a single run.

Input to PFDR*

The input to the post-processor is simply the NASTRAN printout
file itself. This file can be obtained by the instruction
@BRKPT PRINT$/FILENAME on the UNIVAC computer. This instruc-
tion simply diverts the symbolic print data to the previously
assigned file FILENAME, which can then be read by PFDR.

The PFDR Post-Processor:

The NASTRAN print file is converted to ASCI!I code to enable it
to be read by the post-processor. The data "key phrase" is
input to the post-processor. If no "key" is given, the pro-
cessor automatically defaults to OUTPUT4 data.

Qutput Data:

The output data will contain the QUTPT4 matrices or the particu-
lar data identified by the key phrase. This data is usually
copied to tape for subsequent use. The data formats are de-
scribed in the user documentation.

Implementation:

PFDR is currently not available on the MSFC IBM system.
Example: A sample runstream is shown in Figure 10.

18
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E. Examples
ORIGINAL PAGE 1§

PFDR SAMPLE RUNSTREAM OF POOR QUALITY
s
‘€T T T PRINT FILE DATA RETRIEVAL
3

ADELETE,C PRXXXX . = -
SOELETELC OPXXXXe

"ACAT P PRYXXXF/Y7P087200 -
AASGeA PRXXXX .
ABRKPT PRINTS/PRXXXY
AaXQT eNASTRAN,LINK]

{NASTRAN RUN)

AaBRKPT PRINTS
QUSE ITF0PXXXXS
3ED,UQ PRXXXX,
ExIT T
AASG,A CENASTRAN.
"aPRT;TT TANASTRAN,
axQT CaNASTRAN,X
AaECTUP T OPXXXXT,
EXIT

AASG,TU OPU4TP,U9SySAVEDY o PALIIFF —
ACOPY,GMC OPXXXXe,0P4TP,

3COPYyGMC OPXXXXesOPUTP, ——— —~7 =~
3FREE QP4 TP,

BFREE PRXXXXo } =
aFREE OPXXXX,

3SYM PRXXXX, s MHSP - =
GSYM OPXXXX.y9MHSP

KEY:

PRXXXX - FILE TO WHICH PRINTOUT IS DIVERTED

OPXXXX - FILE IO WHICH EXTRACTED DATA IS WRITTEN

31 - ALTERNATE PRINT FILE DYNAMICALLY ATTACHED TO OPXXXX

C*NASTRAN. X EXECUTABLE ELEMENT OF PFDR

TAPE TO WHICH OPXXXX IS COPIED

0P4TP

MHSP DENOTES PHYSICAL UNIT FOR PRINTER

FIGURE 10
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SUMMARY

The MSFC COSMIC/NASTRAN Auxiiiary 1/0 routines provide useful,
additional capabilities for input and output of various matrices
and tables between external files and NASTRAN. The PFDR print
file post-processor allows the user to extract anv tvpe of dat.
that is available from the NASTRAN print file. These routines
are in frequent use on the MSFC UNIVAC 1100 and IBM systems.

In conclusion, the authors would 1ike to acknowledge the work

cf Messrs. J. Moorman, P. Halford and D. Harper, who contributed
various enhancements under the aegis of the MSFC Engineering Sys-
tems Branch of the Huntsville Computer Complex.

Prospective users may obtain further information Trom
AH33/W. E. Galloway, NASA, MSFC, AL, Telephone: 205-453-2294.
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USING PAFEC AS A PREPROCESSOR FOR COSMIC/NASTRAN®

W. H. Gray
Fusion Energy Division
Oak Ridge National Laboratory
Oak Ridge, Tennessee

T. V. Baudry

PAFEC Engineering Consultants
Knoxville, Tennessee

SUMMARY

Programs for Automatic Finite Element Calculations (PAFEC) is a general purpose,
three-dimensional linear and nonlinear finite element program (ref. 1). PAFEC’s
features include free-format input utilizing engineering keywords, powerful mesh
generating facilities, sophisticated database management procedures, and extensive
data validation checks. Presented here is a description of a software interface that
permits PAFEC to be used as a preprocessor for COSMIC/NASTRAN. This user-friendly
software, called PAFCOS, frees the stress analyst from the laborious and error prone
procedure of creating and debugging a rigid-format COSMIC/NASTRAN bulk data deck. By
interactively creating and debugging a finite element model with PAFEC, thus taking
full advantage of the free-format engineering-keyword-oriented data structure of
PAFEC, the amount of time spent during model generation can be drastically reduced.
The PAFCOS software will automatically convert a PAFEC data structure into a
COSMIC/NASTRAN bulk data deck. The capabilities and limitations of the PAFCOS
software are fully discussed in the following report.

INTRODUCTION

Numerous general purpose programs are currently available to assist engineers
during the data preparation phase of a NASTRAN f’nite element method problem. The
goal of these preprocessors is to accept a minimum amount of user data and create the
rigid-format input data structure required by the COSMIC/NASTRAN Bulk Data (NBD),
since the NBD is devoid of any sophisticated automatic data generation schemes. Two
such sets of software (ref. 2 and 3) based upon other programs were presented at last
year”s COSMIC/NASTRAN conference. Many others have been presented in previous years.
Properly designed preprocessing aids, like these, can greatly reduce the time spent
by an engineer in creating the rigid-format required by the NBD. If these aids are
interactively executed, much correcting and debugging of a finite element model can
be accomplished prior to submission of even the first COSMIC/NASTRAN execution for a
new problem. Although most of the available preprocessing aids for COSMIC/NASTRAN
meet their design goals, the authors of this paper prefer to usgse the free-format data
preparation and automatic mesh generation capabilities of the PAFEC suite of finite

*Regscarch sponsored by the 0ffice of Fusion Energy, U.S. Department of Energy, under
contract W-7405-eng~26 with the Union Carbide Corporation.
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‘element computer programs. This paper describes software developed for utilizing
PAFEC as a preprocessor for COSMIC/NASTRAN.

At the Oak Ridge National Laboratory (ORNL) COSMIC/NASTRAN is leased upon IBM
computer equipment. It is generally executed in a batch processing mode. Serving as
an interactive front-end to the IBM machines are several DECsystem-10 computers.
Within ORNL’s computer environment, users generally prefer to interactively create
data and IBM Jot Control Language (JCL) on the user~-friendly DECsystem~10s and then
to route these jobs to the IBM mainframe batch queues for number crunching. Because
PAFEC can best be utilized in an interactive environment, the DECsystem-10s were
chosen as the computers upon which to execute PAFEC.

The PAFEC suite of program modules is executed as a collection of ten separate
phases that create and operate upon a database called the Backing Store (BS) file.
Among other capabilities, PAFEC has extensive mesh generation facilities; a free-
format, engineering-keyword-oriented, modular data preparaticn scheme; extremely
simple methods to represent repetitive data values; automatic load generation
facilities; and a complete graphics software package to display the created finite
element data. An optionally available interactive program, the PAFEC Interactive
Graphics Suite (PIGS), can be obtained to enhance all the above mentioned
capabilities. PAFEC is not simply a preprocessor. Solution sequences exist for
linear static and dynamic structural mechanics problems as well as for treating
certain classes of nonlinear structural mechanics and heat transfer problems.

On the ORNL DECsystem—10s an additional facility has been implemented in the
PAFEC control scheme that will automatically invoke the PAFEC to COSMIC/NASTRAN
preprocessor for a stress analyst. Mnemonically designated PAFCOS (ref. 4), this
software contains several subroutines. The main subroutine, called PAFNBD, serves as
a controller for the other subroutines. The other subroutines convert the PAFEC BS
internal format for the axis systems, nodal points, material properties, element
topologies, element properties, and single- or multipoint constraints into the rigid-
format of the COSMIC/NASTRAN NBD. Unique rigid-format continuation card mnemonics
are generated as necessary. Upon successful completion of PAFEC PHASE 4, the user’s
job will have created a disk file, <name>04.NBD, that contains the COSMIC/NASTRAN NBD
(<name> symbolically represents the user’s PAFEC finite element model job name and 04
is appended to the job name to indicate the file was created in PHASE 4). Thus, the
stress analyst can interactively generate, debug, and display a finite element model
with PAFEC; convert a model to COSMIC/NASTRAN rigid-format bulk data using
user-friendly software; and then solve the model using COSMIC/NASTRAN upon one of the
larger mainframe computers at ORNL.

ORGANIZATION

First, a discussion of the most salient features of the model generating
capabilities of PAFEC is presented. (Although PAFEC has complete solution
capability, it will not be discussed here as it 1is not germane to the subject of this
report.) Secondly, in the remainder of this report, we describe the details of
subprogram PAFCOS, its supporting software, and the modifications to the PAFEC
executive control. Finally, an example using this software is presented.

22



B Mgl

4

MODEL GENERATION WITH PAFEC

The PAFEC modular data system has many advantages. From the user’s standpo’nt,
the finite element data are very easy to imput and are intelligible witiout
additional documentation. Additionally, data prepared for other finite alement
programs can be used as input data by PAFEC with less text-editing manipulation.
From the system’s standpoint, the data modules are easily scanned to determine the
solution sequence and the software required to perform the user’s specific finite
element tagk (ref. S5).

A PAFEC data module consists of three parts: (1) the module header card, (2) the
module contents card, and (3) the free-format numerical data. The module header card
and the numerical data are required for every module that the user inputs for a
particular finite element problem. (Only those data modules that are needed are
entered as data.) The contents card is optional and is used to alter the default
definition of certain parts of the data or to change the order of the numerical data
located in the third part of the data module. An example of the NODES data module, a
fundamental data wmodule, 18 presented to demonstrate the three parts of the PAFEC
modular data:

NODES

Z=0.0

NODE X Y
1 0.0 0.0
2 0.0 1.0
3 1.0 1.0
4 1.0 0.0

The first card represeants the module header card, the second card is a constant
contents data card, the third card is a contents data card, and the last four cards
present the free-format nodal numerical data.

Other data modules can be used to define nodal coordinates; among these are:

NODES The NODES module can be used to define nodal coordinates
in any axis set.

AXES The AXES module can be used to define different axis
sets.
SIMILAR.NODES Once ary number of nodes have been defined, the

SIMILAR.NODES module can be used to define other nodes
that are similar but perhaps more conveniently located
in another axis system.

LINE.NODES The LINE.NODES module can be used to define any number
of nodes to lie upon the same straight line.

ARC.NODES Similar to the LINE.NODES module, the ARC.NODES module
can be used to define any number of nodes to lie upon
the game circular arc.



PAFBLOCKS When used in conj'inction with the MESH module, the
PAFBLOCKS module vill cause two- and three-dimensional
blocks of nodes and elements to be generated.

Several data modules are used in the description of finite element topology,
types, material properties, and thickanesses. These modules include:

ELEMENTS The ELEMENTS module describes the element type,
properties, group number, and topology for individual
elements.

PAFBLOCKS When used in conjunction with the MESH module, the

PAFBLOCKS module will cause two- and three-dimensional
blocks of nud>; and elements to be generated.

REFERENCE.IN.PAFBLOCKS The REFERENCE.IN.PAFBLOCKS module permits modification
of generaz:ted elements within a PAFRLOCK.

PLATEu.AND. SHELLS The PLATES.AND.SHELLS module describes element
thicknesses, material number, and other i{:aformation for
membrane, bending, and axisymmetric finite element
analysis.

BEAMS The BEAMS module describes pertinent information for
beam elements.

MASSES The MASSES module is used in dynamic finite element
analyses to add mass at nodes.

SPRINGS The SPRINGS module is used to input simple axial and
torsicnal springs into a finite element analysis.

GROUP.OF . SIMILAR.ELEMENTS The GROUP.OF.SIMILAR.ELEMENTS module copies selected
elements into new elements by simply incrementing
element topology. This facility can be used to
conveniently describe finite element geometries that
contain repetitious sections.

PAFEC examines the data modules describing a structure and the user’s coatrol
module to determine how many deg.ees of freedom to permit at each nodal coordinate.
To apply constraints at individual or groups of nodes, the following data modules can
be used:

RESTRAINTS The RESTRAINTS module is the most generally used module
for describing the degrees of freedon to be constrained.
Each row in the data module can be used to describe the
constraints at one node, or, by using the PLANE and
possibly AXIS entry, all the nodes that lie on a line or
on a plane can be constrained at once.

ENCASTRE The ENCASTRE module can be used to comstrain all the
degrees of freedom for a set of nodes.
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SIMPLE.SUPPORTS The SIMPLE.SUPPORTS module can be used to constrain all
the translational degrees of freedom for a set of nodes
while leaving the rotational degrees of freedom
unchanged.

DISPLACEMENTS.PRESCRIBED The DISPLACEMENTS.PRESCRIBED module can be used to apply
nonzero displacements at certain nodes.

REPEATED . FREEDOMS The REPEATED.FREEDOMS module is used to constrain two or
more nodes to move by an identical amount in a
particular direction. This module is useful when there
is slippage possible at some joint in a structure. By
arranging two nodes to be coincident and therefore to
have separate and unrelated degrees of freedom, the
REPEATED.FREEDOMS module can be used to define those
degrees of freedom that are to be coutinuous across the
joint.

HINGES.AND.SLIDES The HINGES.AND.SLIDES mcdule is the complement of the
REPEATED.FREEDOMS module. Instead of specifing
consitrained degrees of freedom, this module is used to
specify unconstrained degrees of freedom.

LOCAL.DIRECTIONS The LOCAL.DIRECTIONS module does not describe
constraints directly. However, this module can be used
to force PAFEC to resclve degrees of freedom in
different directions other than the global coordirate
axes directions.

GENERALIZED.CONSTRAINTS The GENERALIZED.CONSTRAINTS module permits writing
arbitrary linear functions relating displacements among
any number of nodes. Rigid links may be specified with
this module.

THE PAFCOS SOFIWARE INTERFACE

The PAFCOS software developed at ORNL permits the user to define a finite
element model, using the previously discussed modular data dictionary, and then to
automatically create a rigid-format, COSMIC/NASTRAN bulk data deck. Subroutine
PAFNBD serves as a controller for several other subroutines, individually discussed
below, that are collectively located in the PAFCOS subroutine library. When the user
includes the COSMIC/NASTRAN control directive in a PAFEC control module, then a call
to subroutine PAFNBD will be inserted in the PHASE 4 FORTRAN generated for the job.
Execution of the PAFNBD subroutine will cause the axis systems, nodal coordinates,
material properties, element topologies, element properties, and constrained degrees
of freedom to be successively converted from internal PAFEC BS format to
COSMIC/NASTRAN bulk data rigid format. Upon successful completion of the coastraint
conversion, subroutine PAFNBD returns to the PHASE 4 FORTRAN and normal PAFEC
execution.
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The PAFCOS software is written in FORTRAN-66 and usec the PAFEC series R09800
subroutines exclusively for accessing the data nodules contained in the user’s BS
file. Therefore, this software is easily implemented in any system where PAFEC has
been installed. (A FORTRAN-77 version of the software is being created.) The next
several sections discuss the functions of the individual subprograms contained within
the PAFCOS software library.

Subroutine PNCOOR

Subroutine PNCOOR performs the processing of axis definitions from PAFEC BS to
COSMIC/NASTRAN format. This subprogram processes each entry of BS module 68 (the
internal storage number given to PAFEC axis sets) and writes the appropriate
COSMIC/NASTRAN CORD2R, CORD2C, or CORD2S data cards, depending upon whether the PaFEC
coordinate system 1s rectangular, cylindrical, or spherical, respectively. Unique
continuation card mnemonics are generated as necessary.

Subroutine PNNOD

Subroutine PNNOD generates COSMIC/NASTRAN GRID cards from the PAFEC BS module 1
(the internal storage number given to PAFEC global, cartesian nodal coordinates).
All GRID cards are specified in global coordinates. If PAFEC BS module 4 1is not
empty, then the GRID card will also contain the appropriate output coordinate system
designation. Otherwise, the output coordinate system will be the global rectangular
coordinate system.

Subroutine PNMAT

Subroutine PNMAT creates COSMIC/NASTRAN MATl data cards from the PAFEC BS module
31 (the internal storage number given to the PAFEC materials data). Only isotropic
elastic materials are converted, a subprogram PNMAT limitation. Each material in the
data module 1s reformatted and written onto the output file with unique continuation
card mnemonics.

Subroutiae PNETOP

Subroutine PNETOP processes the element data stored in PAFEC BS modules 17 and
18. Each element definition is processed individually with mappings from PAFEC
element types and topologies to COSMIC/NASTRAN element types and their corresponding
topologies. The following element mappings are currently supported.

PAFEC element COSMIC/NASTRAN

mnemonic element card Element type
30100 CELAS2 Spring element
30200 CMASS2 Mass element
34000 CBAR Simple beam element
34200 CBAR Offset beam element
34400 CROD Simple rod element
36100 CTRMEM Triangular membrane element
36200 CQDMEM1 Quadralateral membrane element
37100 CIHEX1 8-node brick element
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37120
37130
37200
41320
43110
44100
44200

CIHEX2
CIHEX3
CWEDGE
CTRIA2
CTRSHL
CTRIA2
CQUAD2

20-node brick alement

32-node brick element

6-node wedge element

Triangular plate element

6-node triangular plate element
Triangular plate element

4~-node quadralateral plate element

Unique continuation card mnemonics are generated for each element type requiring a
Also, special processing is required for each PAFEC
spring element (number 3010C) and mass element (number 30200) since each of these
elements may yield as many as six COSMIC/NASTRAN CELAS2 or CMASS2 element data cards.
(Unique element numbers are generated for any newly created elements.)

multicard element topology.

Subroutine PNPROP

Subroutine PNPROP performs generation »f COSMIC/NASTRAN element property cards.
Several PAFEC BS modules are examined and the following mapping 1s used to create the
appropriate COSMIC/NASTRAN property cards.

PAFEC element
mnemonic

30100
34000
34200
34400
36100
36200
37100
37120
37130
37200
41320
43110
44100
44200

PFLAS
PBAR
TBAR
PROD
PTRMEM
PQDMEM
PIHEX
PIFEX
PIHEX
PWEDGE
PTRIA2
PTRSHL
PTRIA2
PQUAD2

COSMIC/NASTRAN
property card

Subroutine PNDOF

Subroutine PNDOF processes constraint data stored in PAFEC BS module 2. Each
degree of freedom is examined for constraint codes. Any constrained degree of
freedom generates an appropriate COSMIC/NASTRAN SPC data card. PAFEC
REPEATED.FREEDOMS are output as COSMIC/NASTRAN MPC data cards for the repeated

degrees of freedom.
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Subroutine PGCMPC

If GENERALIZED.CONSTRAINTS are defined via PAFEC BS module 143, then subroutine
PGCMPC generates appropriate COSMIC/NASTRAN data cards for each generalized
constralnt. An arbltrary limitation of three independent nodes for any dependent
node has been set in subroutine PGCMPC. Unique continuation card mnemonics are
generated as necessary.

INTEGRATION OF THE PAFCOS SOFTWARE INTERFACE INTO THE PAFEC MACRO DICTIONARY

Minor additions to the PAFEC MACRO dictionary were all that was necessary to
completely implement the PAFCOS software into the PAFEC PHASE execution scheme. The
PAFEC MACRO dictionary is used by the PAFEC driving program to create FORTRAN and job
control information for a particular PAFEC PHASE. Within each PAFEC user data file
there exists a control module and possibly several sets of data modules. (The PAFEC
control module 1s analogous to the executive and case control cards of a
COSMIC/NASTRAN data deck.) Based upon the user-specified PAFEC control directives,
the PAFEC driver program determines which PHASE and what subroutine within the PHASE
should be executed. 1In order to permit a user-friendly interface between the PAFEC
system and the PAFCOS software, a single new control directive, appropriately named
COSMIC/NASTRAN, was added to the PAFEC MACRO dictionary.

PHASE 4 was chosen as the appropriate PHASE to create a COSMIC/NASTRAN NBD, due
to finite element model generation completeness. The MACRO dictionary was modified
to conditionally include a call to subroutine PAFNBD (the driver for the PAFCOS
software) in the PHASE 4 FORTRAN, based upon the presence or absence of the
COSMIC/NASTRAN control directive. Similarly, an instruction was inserted to
conditionally include the precompiled PAFCOS relocatable object module in the linkage
edit step of the PHASE 4 job control. Therefore, to access the PAFCOS software all
the user must do is to simply insert the phrase COSMIC/NASTRAN following the PHASE=4
PAFEC control directive somewhere within his control module. For example, the
following few lines represent a valid PAFEC control module that would invoke the
PAFCOS software:

CONTROL
NAME.ABCD
PHASE=4
COSMIC/NASTRAN
STOP
CONTROL.. END

AN ILLUSTRATIVE EXAMPLE

This rather academic example demonstrates most of the capabilities of the PAFCOS
software. It 1s intentionally brief so that a very small COSMIC/NASTRAN bulk data
deck is created. The following listing is a copy of the PAFEC data deck that
generates the small three-dimensional plate finite element model shown in figure 1.

TITLE PAFCOS TEST
CONTROL
SAVE.RESULTS
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CONCATENATE.QUTPUT
SAVE.PLOTS

NAME.T
PHASE=4 URIGINAL PAGE IS

COSMIC/NASTRAN OF POOR QUALITY
STOP

CONTROL . END

NODES

NODE.NO X.IN Y.IN Z.IN
1

2 1.5 0 0.8
3 3.0

4 0 5

5 0.75 5 0.4

6 1.5 5

PAFBLOCKS

ELEMENT=44200

N1 N2 TOPOLOGY. OF . BLOCK
1 2 13462005
MESH

REFER  SPACING

1 2

2 2 1.5 1

PLATES.AND. SHELLS

MATERIAL THICKNESS.IN

1 0.81

MATERIALS

MATERIAL E NU RO
1 27E6 .27 7.7
RESTRAINTS

NODE  PLANE DIRECTION

1 2 0

MODES . AND . FREQ

AUTOMATIC.MASTERS MODES

10 4
END.OF.DATA

After successful execution of PHASE 4 on an ORNL DECsystem-10 computer using the
above PAFEC data, a file, TO4.NBD, 18 created containing the COSMIC/NASTRAN bulk data
deck. For completeness this data deck is listed below:

GRID 1 0.000 0.0u0 0.000 0
GRID 2 1.500 0.000 0.800 0
GRID 3 3.000 0.000 0.000 0
GRID 4 0.000 5.000 0.000 0
GRID 5 0.750 5.000 0.400 0
GRID 6 1.500 5.000 0.000 0
GRID 7 0.000 2.222 -0.000 0
GRID 8 1.167 2.222 0.622 0
GRID 9 2,333 2.222 0.000 0
GRID 10 -0.000 3.889 -0.000 0
GRID 11 0.917 3.889 0.489 0
GRID 12 1.833 3.889 0.000 0
MATI 12.70E+071.06E+07 2.707.70E+000.00E+00 +MATO00 1
+MATO01
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SPC 10000 1 123456

SPC 10000 2 123456 gR'G'NAL PAGE 19

SPC 10000 3 123456 F POOR QUALITY

SPC 10000 4 6

SPC 10000 6 6

SPC 10000 7 6

SPC 10000 9 6

SPC 10000 10 6

SPC 10000 12 6

CORD2R 1 0 0.0 0.0 0.0 0.0 0.0 1.04C2R001
+C2R001 1.0 0.0 0.0

CORD2C 2 0 0.0 0.0 0.0 0.0 0.0 1.04C2C002
+C2C002 1.0 0.0 0.0

CORD2S 3 0 0.0 0.0 0.0 0.0 0.0 1.04C25003
+C25003 1.0 0.0 0.0

CQUAD2 1 1 1 2 8 7

CQUAD2 2 1 2 3 9 8

CQUAD2 3 1 7 8 1 10

CQUAD2 4 1 8 9 12 11

CQUAD2 5 1 10 11 5 4

CQUAD2 6 1 11 12 6 5

PQUAD2 1 1 0.81

All that remains for the user to do is to merge the above file with the IBM JCL
procedure for executing COSMIC/NASTRAN at ORNL, add an executive and case control
deck, and then submit the job.

CONCLUDING REMARKS

For production probiems, using PAFEC and the PAFCOS software as a preprocessor
for COSMIC/NASTRAN eliminates a large majority of the cards necessary for a finite
element analysis. This software has been used to preprocess several large magnet
structural analysls problems at ORNL and has demonstrated an over 952 reduction in
the total number of cards typed for these problems. Future improvements are planned
to convert and/or create even more of the data.

REFERENCES
1. PAFEC 75 Systems Reference Manual. PAFEC LD., Nottingham, England, November

1978.

2. Durocher, L. L. and Gasper, A. F.: An Interactive Review System for NASTRAN.
Tenth NASTRAN Users’ Colloquium, NASA CP-2249, May 1982, pp. 45-64.

3. Hirt, E. F. and Fox, G. L.: Recent Developments of NASTRAN Pre- and

Post-processors: Response Spectrum Analysis (RESPAN) and Interactive Graphics
(GIFTS). Tenth NASTRAN Users’ Colloquium, NASA CP-2249, May 1982, pp. 18-44.
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4.

5.

The first implementation of this software was called PAFNAS and was doc'mented
in the following raference: Baudry, T. V. and Gray, W. H.: PAFNAS, A PAFEC to
COSMIC/NASTRAN Conversiun. First U. S. A. PAFEC Users’ Conference, June 1981.

PAFEC For the Engineczr. PAFEC LD., Nottingham, England, Feburary 1981.
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THE GPRIME APPROACH TO FINITE

omraonne L N84 15594

Dolores R. Wallace, Jaues M. lcKee and Myles M. Hurwitz

Pavid W. Taylor Naval Ship R&D Center
Bethesda, Maryland 20084

SUMMARY

GPRIME, an iateractive modeling system, runs on the CDC 0000 computers and the
DEC VAX 11/780 minicamputer. This system includes three coaponents: 1) GPRIME,
user-friendly geometric language and a processor Lo tianslate that language into
geanetric entities, 2) GGEN, an interactive data generator for 2-D models; and
3) SOLIDGEN, a 3-D solid modeling program. Edch component has a computer-user
interface of an extensive command set., All of these programs make use of a compre-
hensive B-spline mathematics subroutine library, which can be used for a wide
variety of interpolation problems and other geometric calculations. Many other
user d4ids, such d4s automatic saving of the geometric and finite element data bases
and hidden line removal, are available. This interactive finite element modelinyg
capability can produce a complete finite element model, producing an output file of
grid and element data.

INTRODUCTION

Finite element analysis has becane the predasninant method for perfonaing
structural analycis on digital computers of all types. Almost any conceivable
structure, from a small valve to an entire ship, may be analyzed by the finite
element method.

However, the creation of a finite element model of the structure to be
anelyzed by this wethod is a major task. Even a small problem can require large
amounts of geometric data, with many details to be considered. An engineer can
spend & vast amount of time defining the nunerical model of a structure and
verifying the correctness of this data. Tue extreme generality of this engineering
method has frustrated attempts to create an effective autamatic finite elenent data
generat., with coaparable generality. Finite element models frequently need
refinements which require a return to the geometry for more information and details
to complete the modeling. Hence, complete geometric data, and efficient management
of that data, are essential to make these modifications simple.

The term "geometric modeling" appears frequently in current computer graphics
and computer-aided design literature, Many scientists and engineers maintain
(correctly) that they have been "modeling geometry" in traditional ways for a great
many years. Most recent geometric modeling in the computer-based science has been
evolving for more than a decade, but the distinctions between the old technique and
the new are significaat, even if they sametimes appear to be rather subtle.
Although the older geometric techniques could be said to permit the modeling of any
required shape, there was little consistency in the representation of different
types of objects (ref, 1). Today, good mathematical tools, such as B-spline
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fungtions, are making possible the reality of representing all objects by sets of
continuous, well-behaved functions. This development makes possible not only
better finite element modeling but also solutions for a wide range of problems in
several disciplines of physics.

With GPRIME (ref. 2) the finite element modeling process is automated by
providing a geometric representation of the structure while retaining the broad
generality of the finite element method. With this complete geometric data base of
the structure, both the general data generator GGEN (ref. 3) and the 3-D data
generator SOLIDGEN (ref. 4) may be used to produce the finite element model
necessary for structural analysis. The basic assunption of the GPRIME approach is
that, if a systematic and accurate mathematical model of the geometry of a
structure could be stored in the coanputer, the task of creating general finite
element data generators would be greatly siumplified. The advent of low cost,
interactive computer graphics makes the GPRIME approach even more attractive, since
problem areas in an automatically generated model can be easily resolved by inter-
active methods at the graphics screen.

The Navy and DINSRDC have long been interested in geometric modeling techni-
ques. Since 1976, the Numerical Structural Mechanics Branch of the Computation,
Mathematics and Logistics Department has been developing & geometric modeling
system consisting of the B-spline mathematical tools to define geometric represen-
tations, a geometric language to access this modeler, and the interface needed for
implementing it interactively on a camputer. This language, called GPRIME, was
originally formulated to support finite element data generation for structural
analysis. As indicated earlier, two data generation programs are now available for
use with the GPRIME geometry: GUEN, for general interactive modeling including the
two-dimensional shell-type element and SOLIDGEN, for generating three-dimensional
solid models. GPRIME, GGEN, and SOLIDGEN were first developed for use on the CDC
6000 and CYBER canmputers under the NOS and NOS/BE operating systems, and are now
also operating on the DEC VAX 11/780 minicomputer. The graphics capabilities
assune that Tektronix storage-tube type graphics terminals will be used. The pro-
grams may be used in batch or interactive-graphics modes, or mixed wmodes. The
programs use the RATFOR pre-processor for structured FORTRAN.

GPRIME COMPUTER GRAPHICS: A GEOMETRIC MODELING SYSTEM

Geometric Constructions

Classical primitives of geometry

B-spline mathematical functions, in 1, 2, and 3 dimensions
Parametric representations independent of analysis model
Rotations, translations, scaling of geouetry

Geometry generation “r.a digitized data, keyboard or cursor
definition, or combination

Graphic Display and Viewing Opticns

Hidden line removal

Rotating, transiating, scaling display of geometry
Selection of geumetry items to be displayed

Status of all viewing, plot, axes parameters
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% Program-to-user messages
®  Annotation of geometries, definitions, . .aes, at screen

Generation of Finite Element Models

* Data generation for 2-D plate/shell elements, general elements
®  3.D solid element generator
%  Qutput formatter

Processing Controls

¥  [nteractive and batch operating modes
#  Restart capability
% HELP messages on definitions, commands, as requested by user

Applications

% Hydromechanics modeling, structural finite element analysis,
ship magnetostatic signatures, thennal analysis

# Potential application in ship vulnerability, infrared detection,
cost and weight estimation, CAD/CAM, composite studies.

EVOLUTION OF GEOMETRIC MODELING: THE PATH TO GPRIME

During its evolution, geometric modeling has taken many forms. Its "correct"
description is discussed in many forums today. Designer's sketches and engineering
drawings have long been thought of as geowetric models. The fact that this type of
representacion is heavily laced with graphic shorthand and engineering insight
becomes obvious when we begin to ask computers to translate these drawings into
instructions for manufacturing the parts desccibed on these drawings. Achieving
this autamation requires tiat a computer be provided with all the details of the
draftsman’s shorthand, so that it can "understand" the old drawings, or that it be
provided with sufficient geometric information rather than engineering terms such
as "fillet" in model descriptions. DBoth developments are taking place, i.e.,
direct reading from blue prints and more camplete numerical input data, but the
complete geometric representation appears to be the Key to large-scale automation.

Discrete finite eleaent models are now routinely used for structural analysis.
Tnese models dare usually thought of ds rather elegunt gecmetric models, but are of
no use in defining a machine cutter path, and really of little use to a finite
element analyst who requires models with a more detailed mesh. Coordinate informa-
tion fcr constructing finite element models is defined at a discrete number of
points-period. Some sort o interpolation may be used on this data to find inter-
mediate points, but because the finite element data points were created to meet the
requirements for one specific analysis, those points may not represent the basic
detailed geometric shape of the structure.

From work with ear.iy computers and primitive computer graphics techniques,
autamatic drafting programs emerged. These pirograms "spoke" in the language
familiar to draftsmen. 3Soon designers wanted to connect this type of program to
programs that guided nunerically controlled tools. These marriages have becase or
are ncw evolving into computer-aided design and computer-aided manufacturing (CAD/
CAM) systems., To accommodate these new demands, the designer's language has
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evolved from the draftsman's, with the addition of a4 vocabulary of geometric shapes
and geametric operations. Intersections of classical cylinders with complex

"scul ptured surfaces," (ref. ) as in Figure 1, make the definition of true three-
dimensional geametric representations considerably easier than drawing with the
draftsman's two-dimensional notation.

We have used the term "old geometry" to ccllectively refer to the many
different conputer methods used to describe geometric shapes, which, by their
nature, are limited to certain specidal applications. Some of these methods are the
closed form polygonali approximations of spheroids &and ellipsoids, the ellipsoidal
modeling of 4irplanes and submarines, and point by point finite element
descriptions. Similarly, we have used "new geametry" to refer to evolving methods
of geometric description. These descriptions attempt to be mathematically complete
for any application and to permit manipulation of all geometric forms without
having to resort to special processing for different combinations of valid
representations. For example, the B-spline mathematical functions afford good data
representations of a structure. The new geometry has obvious roots in the old;
however, the new approach represents attempts tc develop a general solution to the
geometric modeling problem, whereas the older geometries were developed to solve
particular problems.

The new gecometry has not come into the world without its share of growing
pains. As new capability is added to older techniques, program developers have
attempted to maintain compatibility between the old forms and the new forms of
geanetry. As more of the properties of the new geometry are exploited, it becomes
more difficult to maintain compatibility. Either the old forms will have to be
abandoned, or translators will have to be crezted to produce an equivalent new form
for the old definitions. Similarly, once Wwe have a very convenient way to
represent geometry and to combine forms easily, the modeler's creativity can
quickly outstrip the available mathematics. For example, volune intersections com-
puted using "old" techniques may yield only edges of boundary which can be drawn;
this 1s insufficient to completely define a new volume because there is not infor-
mation on how the function varies through the volume. These problems are evident
in the technique known as "combinatorial Zeomecry," (ref. b) which permits boolean
operations on three-dimensional solids. If simple unions and intersections are
pernitted without restriction, it is easy to imagine how a few simple shapes could
mushroom into a coanputationally-intractable situation. OUften, these problems can
be avoided by limiting the number of combinations or by deferring the boolean
operations until they can be handled by later applicetions prograns in which 4
knowledge of the final product can simplify the choice of functional representa-
tion.

The need for complete geometric description has also been evolving in other
areas of computer simulation. Finite element and finite difference wodeling can be
easily automated if an adequate geometric description is available. Numerical
solutions, which require that new meshes be generated at various points in the com-
putation, demand such a representation, once the models advance from simple
classical shapes to the complexities of the real world. The rest of this report
briefly describes: GPRIME for providing geometric representations and GGEN and
SOLIDGEN which use this geametry for finite element modeling.
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GEOMEIRIC LANGUAGE PROCESSOR: GPRIME
Overview

As the finite element method gained popularity with structural engineers, the
need for an accurate finite element model that could be developed in a reasonable
time at reasonatle cost became obvious. The computer program GPRIME, a geometric
modeling system, provides the geanetry for these finite element methods. GPRIME
addresses the requirements for a4 practical geometric modeling system-mathematical
representatiorn, man-machine interface, data base management, and implementation
(ref. 6). The geometry is defined in GPRIME via & geometric language of defini-
tions and commands that simplifies the creation of complex models. Classical
shapes are defined using straight-forward expressions, and more general curves and
surfaces can be defined using digitized coordinate data. By using the B-spline
mathematical functions, GPRIME can provide the engineer with a complete geometric
model, constructed with well-behaved continuous functions, independent of the dis-
crete model used in the analysis.

The GPRIML processor itself uses interactive computer graphics to define
secmetric entities and to aid in visualizing the model being created. The
processor creates a geometric data base (referred to as UMF - user master file)
which may be used for restarting the definition process at later sessions and for
communication with user's programs. Tihe implementation of GPRIME allows the user
various controls over the entire system.

The Geometry Modeler

From construction drawings, tool cutter data, digitized data, measurements, or
other forms of model description, the engineer may begin to define a geometric
model with a combination of either general curves and surfaces, or with classical
forms of geometry. These classical forms inciude points, lines, arcs, circles,
cylirders, cones, spheres, and surfaces of revolution. These entities are
represented internally by B-spline functions, which are also useful in smoothing
and fitting applications, as shown in Figure 2., The parametric representations of
these entities make it easy to locate points and curves of intersection in complex
geametric configurations, In fact, the intersection capability provides a very
useful tool for data-checking of models of complex structures.

Rotations, translations, and scaling of the geometry are available through the
GPRIME language. GPRIME was designed for use in creating finite element structural
analysis models, but it can be applied wherever a geametric description of an
object is required. A set of user-callable subroutines is available for user
access to the internal B-spline definitions stored on a UMF (user master file from
GPRIME) data base. These subroutines are referred to as the GFRIME Data Base
Access Capability (GDBAC).

Design Aids

Special GPRIME commands provide the capabilities of controlling model changes,
viewing options and oLher user aids. The user may delete or change any part of a
constructed geometrical model, and the GPRIME processor will automatically change
any of the components dependent on or affected by the geometrical changes.

Foune B3R
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Viewing options allow the user to control the viewpoint, as well as tqQ effect
translations, hidden line removal, and rotations. 7The hidden lines have been
removed in the propeller shown in Figure 3. Plotting options permmit plots of all
or some of the curves, surfaces, points or user-defined groups of data. An
optional status table shows the current status of plotting, viewing, printing, and
axes options. The printing options are provided for annotation of various tables
on the screen. A comnand also permits the user to obtain an output file contain-
ing the definitions and commands used in a session. An interactive call for HELP
gives the user instructions as needed in using these commands and definitions. -~
Executive control permits the initial session to begin with an input file of
definitions and to restart later sessions from the saved geometric data base.
GPRIME also provides a macro facility which contains a user-defined set of GPRIME
comands. For frequently used procedures, such as defining two surfaces and their
curve of intersection, or frequently used viewing options, the user can, via the
macro comomand, execute in one line several previously defined statements.

In summary, GUPRIME provides powerful generation algorithms for developing a
geometrical model from which finite element models may be generated. The geametry
may be used in a variety of applicatious, such as smoothing functions, data-
checking, ship vulnerability studies, or wherever geometry is required. Additional
GPRIME capabilities include viewing, plotting, editing, and file options enabling
the engineer to significantly reduce the time required for model generation.
Finally, the GPRIME data base is available for use by user programs.

INTERACTIVE DATA GENERATOR: GGEN
Overview

With the availability of a general geometric language processor, such as
GPRIME, which provides a data base of a representative geometric model, finite
element modeling becames easier and more camplete. GGEN is a computer program for
creating finite element models from an interactive computer terminal. GGEN is
different from most other finite element data generators in that it references
geometric information that has been defined using the GPRIME geometric language.
One advantage of the CPRIME-GGEN approvach includes the ability to define inter-
actively a three-dimensional model from a two-dimensional terminal screen or
digitizing board.

GGEN Procedures

The GGEN generator has been implemented as a module of the GPRIME language
processor. This implementation permits GUEN to use many of the graphics and data
management features of GPRIME., These features include GPRIME processing of
changes, print options, HELP messages, new geometry, and access to existing
geometry. All these processes may be performed interactively, one at a time, with
program control remaining in GGEN., However, if the user wishes to return to
GPRIME, GGEN will automatically save GGEN data.

Any GPRIME geometry, such as points, curves, surfaces, or groups of these, may

be referenced by GGEN at any time during an interactive session. The first curve
or surface activated is the default, that is, the curve or surface from which new
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elements are created, unless another curve or surface is referenced by a given

command. The number of curves, surfaces, and groups which may be active at one
time is limited by user specified parameters. Commands are provided to remove

unneeded items, including points, from the list of active geometries.

Data Generation and Display

Node points dnd elements can be created in a bulk mode by using one cowmmand
with various options. These options include generating points, elements, or both.
Such bulk generation will produce a "uniforu" mesh on the specified reference curve
or surface. Prior to the bulk generation, the user way enter another command to
cause broad variations in the mesh.

Although GGEN dutomatically nuwnobers nodes and elements, an option exists to
assign numbers to the nodes and elements. Points and elements may also be defined
individually or in small groups. In one command, both passive (type-in) and inter-
active (cross-hairs, tracking cross) methods are used. In the other, the user
selects from a user-menu, that is, a set of instructions printed on the screen, to
perform the various creation functions interactively.

Deletion of nodes and elements is similar to the creation process, either by
using a type-in comsand or by making a menu selection. Note: GGEN assunes the
usage of 4 storage tube type terminal, meaning that any item drawn remains until
the entire screen is erased. Deleted items will be marked deleted with an "X"
until the picture is redrawn. Any item so marked can be restored later, if the
item was deleted by mistake.

By entering the EDIT command, the user may perform most GGEN functions under
interactive control. In this mode the user selects a function to be performed from
a list, called the menu, displayed on the right side of the screen. (see Figure
4.) The user indicates the desired function by moving the terminal's crosshair
cursor inside the box enclosing the function name on the menu. Alternatively, the
function may be selected using the keyboard by entering the character displayed at
the left of the name of that function. GGEN acknowledges the user's selection by
highlighting the bcocx that encloses the name of that function.

The menu functions permit the user to delete and create aodes and elements by
selecting node points a.1 elements on the screen with the cross hair cursor.

The user can selectively display GGEN points, curves, surfaces, and elements
as in GPRIME. Items may also be identified with labels as the user chooses. One
command allows the redisplay of all currently defined items under the control of
the current plot parameters. The piping tee in Figure 5 uses the option to shrink
element representation away from associated node points. Any new items included in
the parameter 1ist of this comnand will also be plotted.

Qutput
All generated finite element data may be passed to a local file, "FEDATA,"

using a punch command. Point data, element data, or both can be put on this file,
All current data can be entered or, optionally, only those items that have changed
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since the last usage of the command. This output file is available to the user for
direct input to finite eicment programs or for later editing.

GENERATING THREE-~-DIMENSIUNAL SOLID STRUCTURES: SOLIDGEN
Overview

The first proposed application of the GPRIME geometric modeling approach was
for the generation of three-dimensional solid finite element models. The »roposed
concept consisted of two parts. First, GPRIME surfaces would be defined to bound
the structural model. Then, a data generation program would generate brick-like
solid elements on the interior of a defined volume.

The SOLIDGEN program was developed to implement the data generation concept,
There was no restriction on the GPRIME surface used to bound a SOLIDGEN model and
those boundary surfaces may either define a face of the model or extend beyond the
region being defined, whichever the user finds more convenient. The shape of the
generated elements is governed by the bounding surfaces and additional reference
surfaces provided by the user.

SOLIDGEN Technique

To generate a satisfactory finite element model with SOLIDGEN, the user must
first visualize the general shape of the generalized model. For example, will the
elements lie in more or less concentric rings about a cylindrical recess or will
they make up a rectangular brick-work? This type of information is conveyed to
SOLIDGEN by selecting and ordering the reference surfaces in such a way that they
form a mesh of six-sided super elements, called zones. The generated elements will
follow the general pattern defined by these zones.

The three diagrams of Figure 6 demonstrate the procedure from sketch through
the geometry to the solid element model of a globe valve. The designer has marked
an octant of the symmetric valve with reference surfaces shown in Figure ba.
Together, these six-sided super elements define the boundary of the solid model.
The geonetry required by SOLIDGEN here is not an exact detailed structure but
rather the general bounding surfaces or surfaces of revolution seen in Figure 6b.
SOLIDGEN builds the brick elements of Figure 6c from these surfaces. The output
file contains ail the grid point and element data.

CONCLUSION

Although GPRIME's biases are toward the solution of research and development
problems, obviously there are many other dreas of potential application. From
early in its development it was clear that GPRiIME would provide a powerful geo-
metric capability useful for many scientific applications. Thus, it comes as no
surprise that GPRIME is being used for hydromechanics modeling, for ship vulner-
ability studies, and for infrared modeling as well as for generating finite element
data. It offers potential use in simulation, in finite element modeling of campo-
sites, and in cost and weight estimation problems. In the manufacturing area, its
possible applications to computer-aided design and computer-aided manufacturing
procedures seem obvious.
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A library of B-spline subroutines makes it a simple task for program
developers to include GPRIME geametry in their prograas., The data generators GGEN
and SULIDGEN were the first example of using these internal routines for
specialized applications, in this case, to address the needs of finite elemnent
analyses.

GPRIME and its data generators have been providing a strong geometric
capability, at the forefront of geanetry modeling. In their present form, they
40 require continual maintenance on several computer systems in order to ensure
their usefulness. However, many extensions can be made that would enhance their
usefulness to Navy programs. For example, the machematics routines can be expanded
to include multiple intersection points. Better display characteristics and
improved user-computer interface methods would help the user. OUther enhancements
could permit graphical changes in the geometry, a more general output format, and
the addition of more elements. Improved data-handling technigues could make the
data base access even more efficient. As these mathematical and coapiter science
ideas become realities in GPRIME, it will becomne easier to solve larger and more
complex problems.
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ORTHOTROPIC HOLE ELEMENT

J. W. Markham
Lockheed-Georgia Company
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SUMMARY

A finite element was developed to adequately represent the state of stress in
the region around a circular herle in orthotropic material experiencing reason-
ably general loading. This has been achieved through a complementary virtual
work formulation of the stiffness and stress matrices for a square element
with a center circular hole. The elemenr has been incorporated into COSMIC-
NASTRAN as a "dummy" element. Sample problems have been solved and these

results are presented.
INTRODUCTION

Mechanical fastening is the most used joining method in present flight vehicle
structures, This results in connection details that contain many circular holes.
These connections are subjected to very general loading with the additional
complic.«tions of load transfer through fasteners and the use of nonisotropic
materials in the connection, Because of the high stresses in these areas, it

is important that an accurate evaluation of the local stresses around each

hole be obtained to evaluate the performance of the joint.

The finite element method is an effertive way to treat problems with complex
geometry, material, and loading. However, because of the complexity of the
stress state around fastener holes, a large number of conventional elements
would be required to provide an adequate representation of the hole neighbor-
hood. This means the cost of the analysis, both in computer costs and man-
hours, will be high.
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A solution to this problem would be an efficient special purpose finite
element which provides an accurate representation of the state of stress
around a hole without the need for many conventional elements. This has
been done previously for isotropic materials. In 1981, under a contract

with NASA-Langley, Lockheed-Georgia Co. developed an orthotropic hole element
(Ref. 1).

ELEMENT GEOMETRY

The orthotropic hole element is considered to be a thin plate in a state of
plane stress with displacements on the external boundary specified so as to
insure displacement continuity with adjacent elements. The element is a
variable-noded total eiement and is defined via ADUM7, CDUM7, and PDUM7 input
cards into NASTRAN. The user may specify the number of nodes on each of the
three boundaries as shown in Figure 1. The nodes on the exterior of the
element have two cartesian degrees of freedom whereas the nodes on the hole
wall have only a single radial degree oi freedom. The ratio of element width
to hole diameter is determined from grid point locations and is thus a user
choice; however, a ratio of four is recommended. The material properties may
be isotropic or orthotropic and are defined by MAT1 or MAT2 cards. Character-
istics which are not defined for this element include mass properties, thermal

loading, material nonlinearity, and differential stiffness.

ELEMENT INPUT

A great deal of user flexibility has been retained in the input for this element.
Defaults have been provided and therefore the input can be quite simple,. The
following input is required for the element:

Total number of nodes

Element and property identification
Grid point connection

Material identification

0O ©o o o

[4]
>
4
(¢
4
4
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(/]
/]
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The following input is optional:

o Number of segments on each of the three boundaries

o Number of integration intervals per segment for
each of the boundaries

o Number of Gaussian integration points per interval
for boundary integration

o Number of integration intervals per volume octant

0 Number of stress terms with powers of r>- 2.
Input for each of the four symmetry conditioms.

o Number of stress terms with powers of r< -~ 2.
Input for each symmetry condition.

o Definition of stress output locations.

ELEMENT ADVANTAGES

Use of the orthotropic hole element can result in a substantial savings in
computer costs and manhours. Savings in computer costs can be obtained partic-
ularly with models containing multiple holes because the congruency feature of
NASTRAN can be used conveniently. This means that several hole elements of
similar geometry can be included in the model and the stiffness matrix is only
generated once. For complex geometries involving conventional elements, the

congruency feature is impractical.

Use of the hcle element can also result in substantial savings in manhours. A
single hole element can replace dozens or even hundreds of conventional elements,
therefore reducing the time required for modeling. Typically, an orthotropic
hole element can be defined with eight input cards, thus no data generators or
preprocessors are required for these areas of the model. Another advantage

that results in manhour savings is the stress output generated by the hole
element. The user can obtain stress components at any location within the
element. With a conventional model, obtaining stresses at desired locations

can be a laborious task because of the need to manipulate data and because of

the large number of elements involved.
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EXAMPLE PROBLEMS

The example problems which follow were solved with the COSMIC-NASTRAN program
at Lockheed-Georgia Company with the orthotropic hole element implemented.
They are intended to demonstrate the performance of the element in a variety

of applications.
Isotropic Plate with Unilaxial Tension

The orthotropic hole element can be used in isotropic applications by simply
specifying isotropic elastic coefficients. This is demonstrated by presenting
the solution for an infinite isotropic plate with unit uniaxial tension at
infinity (see Figure 2). The finite element model is shown in Figure 3. The
plate width is 20 times the hole diameter, which represents an essentially
infinite plate. Poisson's ratio is set at 0.3205.

Table 1 presents results for the three stress components at four values of
radius and four values of 6. The hole element stiffness and stress matrices
were based on a geometry of 8 exterior nodes and 12 interior nodes (on the

hole boundary). The hole boundary is given by r = 1. Note the excellent sat-
isfaction of the zero radial stress boundary condition; the results were typi-
cally 10-6 times the magnitude of external loading. The circumferential stress
results are also very good, with an error of only 0.2% on the maximum tension
stress concentration factor and 1.5Z on the maximum compression stress. The
zero shear stress condition is perfectly satisfied since it was included in

the original stress assumptions.

The stresses away from the hole boundary are also very well represented by

the hole elcment results.
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Isotropic Plate with Half Cosine Loaded Hole

A load transfer problem for which a comparison solution is available (Ref. ) isg
that of an infinite isotropic plate with Poisson's ratio equal to 0.25, loaded
with uniform traction on one end and a cosine variation of radial tractions on
the hole boundary (see Figure 4). The total load on the end is equal to 2P,

and the radial tractions on the loaded hole boundary are given by

T = 4P cos¢p, -1_ , _ T
r L 2 < ¢ < 2

The finice element model is shown in Figure 3. Table II presents results for
tYe ,egicn around the hcle, .aied on a geometry of 8 exterior nodes and 16

interior aodes. The value of P is set equal to 1.0.

Stresées at the hole boundary are very well represented by the finite element
results. The radial stresses follow the cosine curve over the loaded region
and are of the order of 10-2 on the unloaded portion of the boundary. The
variation of circumferential stress is reasonably accurate, wirh an error of

3% on the maximum str.ss concentration.

In the region around the hole, the results from the hole element solution

continue to give a good description of the stress state.
iﬁSo Laminated Plate

The example problems with isotropic material serve to confirm the basic theoret-
ical approach and to partially validate the computer solution. There remains to
demonstrate satisfactory performance in applications with orthotropic materials.

The first material selected has material properties as follows:

Ex = Ey = E, ny = 1,697528E, vyx vxy = 0.735

Note that even though Ex = Ey’ this material 1s rather “far" from isotropic,
with some unspecified measure, due to the large value of Poisson's ratio and
the fact that E, G, and v do not satisfy the isotropic relationship. These
properties describe the 345° graphite/epoxy laminate considered in Reference 4.
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The first loading is unit tensile tractions in the y-direction, applied as
shown in Figure 2 with the finite element model given in Figure 3. The
computed radial stresses at the hule boundary were of the order 10-6 times
the exterior loading thus satisfying traction boundary conditiomns. Figure 5
shows the variation of circumferential stress around the hole boundary for a
hole element geometry consisting of 8 exterior nodes and 12 interior nodes.

Also shown is the exact solution for an infinite plate, given by

o - 3.05786 cos 6 - 1
2.8809072(cos” 8 - cos? 8) + 1

which can be deduced from Reference 5, p. 175. The orthotropic hole element
results contain the essential feature that the maximum stress concentration
does not occur at the familiar location of 8 = 0°, The error in maximum stress
is only 0.7%.

The hole loaded with half-cosine distributed tractions has also been solved;
see Figure 4. The resulting radial stresses on the boundary are essentially
identical to the results achieved in the case of isotropic material. The
maximun circumferential stress on the hole boundary is 7, = 0.79 at P= 1250,
which can be compared with the hole element results for isotropic material of
Tb = (.84 at ¢==85°. Again, it is seen that the location of maximum stress

has shifted around the circle from the familiar location.
Plywood
The next material selected has properties as follows:
E =E, E_ = 2E, G = 0.11667E, v = 0,036
Xy xy
These properties describe a plywood material for which Reference 5 contains many
results for an infinite plate. Note that the plywood properties are quite
different from the jﬁSo lamination properties, both in magnitudes and relation-

ships. This provides further checks on the ability of the hole element to
handle different types of orthotropic material.

51



The types of loading considered are unit tensile tractions in the y-direction
(Figure 2), unit compressive tractions in the x-direction with constraint in
the y-direction (Figure 6a}, and uniform unit internal pressure on the hole
boundary (Figure 6b). For all cases, the finite element model is shown in

Figure 3; and the element geometry contnins 8 exterior nodes and 24 interior

nodes.

For the uniaxial tension, there is the usual excellent satisfaction of traction
boundary condition, with Tr of the order 10-6. Circumierential stresses around
the hole boundary are shown in Figure 7. Also shown are the exact results for

an infinite plate, given by

TG = 4.8557 c052 8 - 0.7071

-6.9994 cos® 8 + 7.4994 cosZ 6 + 0.5

which can be deduced from Reference 5 p. 175. The general features of the variation

of stress are demonstrated by the hole element results.

The constrained compression results satisfy the hole boundary conditious, with
T, of tue order 10-5. Circumferential stresses around the boundary are shown

in Figure 8. The exact results for infinite plate are given by

T, = 1.1155 - 6.5174 sinze

~13.9989 sin” 0 + 12.9989 sinZ 8 + 2

deduced from Reference 5 p. 179.

The internal pressure results provided boundary radial stresses of the magnitude
-1.00002, which is again excellent satisfaction of boundary conditions. Circum-
ferential stresses around the boundary are shown in Figure 9, compared to
infinite plate exact results given by Reference 5 p. 173,
Ty = _ 4.8829 - 15,8432 sin’ 6 + 13.9989 sin’0
2 + 12,9989 sinze ~ 13,9988 sinée
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Orthotropic Laminates with Pin~Loaded Holes

A class of problems which is of particular interest to the aircraft industry

is that of pin-loaded holes in orthotropic laminates., Finite element solutions
for a variety of graphite epoxy laminates were presented by Crews (Ref. 6). The
finite element model used for these analyses was quite detailed, as shown in
Figure 10. These results are used here as a basis of comparison to results

obtained using the orthotropic hole element.

A NASTRAN model was constructed as shown in Figure 11, The particular case
presented here is for W/d = 20. The load is applied at the ceanter of the
fastener and is reacted on both edges of the model in order to more closely
approximate an infinite sheet. A feature of Lockheed-Georgia's version of
COSMIC-NASTRAN was invoked to properly account for the contact area of the
fastener. The hole element geometry consisted of 16 exterior nodes and 20
interior nodes, Six different laminates were considered. These were (1) quasi-
isotropic (2) 0° (3) 90° (4) [0°/90°]s (5) [+45°)s and (6) [0°/+45°]s.
Figures 12-17 present plots of the tangential and radial stress components
obtained by the hole element for these respective materials in comparison to

the results obtained by Crews using a detailed classical model.

These plots indicate that a reasonable correlation was obtained for the tangential
stress distribution at the hole boundary. Peak tangential stress differed by no

more than 127%. Excellent correlation of radial stress distribution was obtained

for all cases.

Multiple Holes

Figure l8 shows a finite element model of a plate containing five holes. For
economy in modeling, it is desirable to develop the hole element stiffness
matrix only once and then transform this matrix as necessary to represent all
the hole elements. This is possible in NASTRAN by using the congruency feature,
and this feature has been checked by determining the solution to Figure 18 with
tension applied parallel to the row of holes, The material is isotropic with
Poisson's ratio of 0,3205,
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The maximum stress concentration factor is given in Reference 7, p. 194 for an
intermediate hole in an infinite row of holes. In order to simulate the
infinite row, the displacements of each loaded end of the model were constrained
to be uniform across the width of the plate. The finite element result for
stress concentration is 2,78, based on a hole element geometry containing 8
exterior nodes and 12 interior nodes. Reference 7 gives 2.65; there is a 5%

difference in results.

Concluding Remarks

The performance of the orthotropic hole element in solving a variety of problems
has demonstrated that it can produce acceptable results with significant advantages
in computer costs, model preparation time, and post-processing of data. Even
though the emphasis in this paper has been on problems concerning fastener holes,
the use of this element is applicable to any isotropic or orthotropic plate

containing circular holes.
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STRESSES FOR AN ISOTROPIC PLATE SUBJECTED TO UNIAXIAL TENSION

TABLE 1

8 Tr* T To* To** Tro” Teo™™
deg
=1 0 0 0 3.006 3.000 0 0
30 0 0 2,005 2,000 0 0
60 0 0 ~0.006 0 0 0
90 0 0 -1.015 -1.000 0 0
= 2 0 0.279 0.281 1.221 1.219 0 0
30 0.327 0.328 0.923 0.922 0.572 0.568
60 0.422 0.422 0.325 0.328 0.571 0.568
90 0.467 0.469 0.028 0.031 0 0
=3 0 0.145 0.148 1.076 1.074 0 0
30 0.295 0.296 0.815 0.815 0.516 0.513
60 0.594 0.593 0.296 0.296 0.516 0.513
90 0.739 0.741 0.031 0.037 0 0
= 4 0 0.083 0.088 1.036 1.037 0 0
30 0.278 0.278 0.784 0.784 0.482 0.482
60 0.659 0.659 0.284 0.278 0.488 0.482
90 0.851 0.850 0.010 0.025 0 0

* Hole Element Results
*% Reference 2
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TABLE II
STRESSES FOR AN ISOTROPIC PLATE WITH LOAD TRANSFER

) Tr* Tr** TB* 79** 1%9* 1}9**
deg
r=1 0| -1.271 ~1.273 0.372 0.412 0 c
30 | -1.099 -1.103 C 467 0.470 0 0
60 | -0.649 -0.637 0.649 0.612 0 0
90 | -0.041 0 0.834 0.810 0 0
120 | -0.012 0 0.415 0.373 0 0
150 0.003 0 0.056 0.053 0 0
184 0.003 0 ~0.094 ~-0.065 0 0
r=1.2 0 | -0.995 -0.9877 0.314 0.348 0 0
30 | -0.844 -0.829 0.358 0.381 0.035 0.021
60 | -0.445 ~0.429 0.460 0.443 0.046 0.029
90 0.038 0.034 0.477 0.415 ~-0.032 -0.031
120 0.055 0.078 0.289 0.274 -0.097 -0.081
150 0.023 0.038 0.070 0.088 -0.064 -0.051
180 0.006 0.024 -0.015 -0.011 0 4]
r =1.5 0 | -0.726 -0.726 0.232 0.24]1 0 0
30 | -0.6VU4 -0.609 0.256 0.253 0.042 0.026
60 | -0.288 -0.293 0.295 0.266 0.046 0.028
90 0.045 0.037 0.266 0.231 -0.047 -0.045
120 0.094 0.086 0.179 0.152 -0.119 -0.105
150 0.055 0.049 0.062 0.055 -0.083 -0.070
180 0.035 0.033 0.010 0.012 0 0

* Hole Element Results

** Reference 3
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Figure 1. Orthotropic Hole Element Geometry
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GENERALIZING THE TRAPRG AND TRATAX FINITE ELEMENTS
Myles M. Hurwitz

Vavid W. Taylor Naval Ship R&D Center
Bethiesda, Mary,land 20084

SUMMARY

The NASTRAN TRAPRG and TRAPAX finite elements are very restrictive as to shape
and grid point numbering. The elements must be trapezoidal with two sides parallel
to the radial axis. In addition, the ordering of the grid points on the element
connection card must follcw strict rules. The paper describes the generalization of
these elements so that these restrictions no longer apply.

INTRODUCTIUN

Since NASTRAN's inception in the early 1970's, the axisymaetric trapezoidal
ring element TRAPRG has been an accurate, efficient element used in solid a. isymmet-
ric problems. More recently, the TRAPAX element was introduced to handle non-
axisymmetric loading for such structures. While these two elements usually perform
very well, the restrictions imposed upon the user in the specification of che
elements can be cousidered, at best, difficult, at worst, unreaconable, in light of
today's automatic data generators. The restrictions require that the elements be
trapezoidal, rather then genercily quadrilateral, with the top and botciom edges
parallel to the radial axis. Also, the specification of the grid points on the
connection card i ust be given counterclockwise starting with the grid point with
snaller radial coordinate of the two grid points with the smaller axial coordinate.
This paper presents tie reasons for these restrictions, how the restrictions have
been removed, the imposition of a new, but less stringent restriction, and an
exanple problem.

THEORY

The stiffness matrix for a4 finite element is usually represented as
i T
k) = J, 181 (0] [B]av (1)

where LB] is the matrix of strain-displacement relations and [D] is the materials
matrix describing the constitutive relations. The NASTRAN Theoretical 'fanual (ref.
1) defines LB] for TRAPRG and THAPLY elements. The wanual shows that, in order to
evaltuate the integral of kquation (1), the integrals

fA P2 %rdz, p= -1, 0, 1, 2, 3and g = 0, 1, 2 2)
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wust be evaluated over the cross-sectional area of the element, ‘The NASTRAN Pro-
grammer's Manual (ref. 2) describes how the integrals (2) are computed analytically.
It is because of the nature of the expressions involved in the exact representation
of these integrals that the original restrictions on the elements were imposed. The
restrictions have been removed by replacing the exact integration with Gauss quadra-
ture, as follows,

The three-point quadrature is given as

3 2
p.9q - p,d 3
J& r¥zdrdz = z; 2: r‘z (El. nm) Hle IJ(EI. nm)l (3)
1=1 m=1}
where

4
r = 12;1 Niri

4
zZ = N.z

i1 it
Ni = 1/4(1 + EE_)(1 + nNNn_.), the linear isoparametric shape function

over the square £ = -1 to +1 and n = -1 to +1
ri. zi = 1,2 coordiuates of the grid points at the four corners of

the eleaent
€., N = isoparametric coordinates at wnich rPzY is evaluated in
1 m .
a three-point Gauss quadrature
Hl' Hm = quadrature weights corresponding to 51. “m
or 2z
IJ(EI. nm)l = deterninant of the Jacobian, | 9 9E , evaluated
an 9n

With this formulation, the restrictions on the irapezoidal shape and grid point nun-
bering can be reanoved.

There is, however, one situation which can cause numerical problems. Note
that, in integrals (2), if p = -1 and r #+ 0, then the integral + ® . TWwo cases can
be examined. The first is the core element, a TRAPRG element. with exactly two grid
points with zero radius. (NASTRAN does not allow the TRAPAX elewment to be a core
element since it does not allow a RINGAX ring to have a zero radius.) At these two
points, the radial displacement must be zero. This condition can be assured as
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follows. If u and w are the radial and axial displacements, respectively, at some
point within an elenent, then the assused displacement functions are (ref., 1)

u = B1 + Bar + 832 + Burz (4)

BS + B6r + B7z + Barz (5)

L 3
n

where the Bi are unknown coefficients. Then,

u
! B
< . =
. f HBu { . {
Uy Bg
\ Yy \ /
where u,, W, are the displacements of the ith grid point. If r, = 0, then u, wust

be 0, ich"weans that the (2 ,-1)th coluwan of H_ can be zeroed. In additiofi, from
Equation (4), 0 = u = B, + B.Z for all =z, There?ore. 0 =8, =8., which can be
assured by zeroing the first~and third colunns of H However.jthe only terms of
¥Eu which contain a foru of (2) wath p = -1 are in Ege first and third coluamns.
erefore, for a TRAPRG core eleasent with ry = 0, no nuserical problems exist.

Now consider a second case -~ one where soume ry is small compared with some
otner r. in the element. Coaparisons between the analytlcal integration and the
Gauss qdadrature show that if

r .
JmeL 5 g0 (7)
r
min
then the Gauss quadrature results begin to significantly degrade (r = max r,

i=1 ..., #). Therefore, inequality (7) is not allowed. This resériction sﬁould
impose a hardship wainly when a TRAPAX core element is desired. This hardship how-
ever should require only an extra elesent or two to transition to larger radii.

SAMPLE PROBLEM

The sample problem for this work was a normal modes analysis of a thick-walled
cylinder of inner radius 5.0 inches, outer radius 6.25 inches, and lengtn 3.5
inches. The finite eleaaent .model for the umnodified version of NASTRAN is shown in
Figure 1a and, for the version which removes the restriction, in Figure 1b. Both
wodels used the TRAPAX element. The results are shown in Table 1. The comparison
of the resuits shows a degradation at the highest mode coumputed. However, this can
be expected because of the severity of the non-uniform mesh,
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TABLE 1.  COMPARATIVE RESULTS

NATURAL FREQUENCIES (CPS)
MODE RESTRICTIVE GENERAL

ELEMENTS ELEMENTS
1 1090.003 1090. 000
2 1660. 250 1660. 864
3 1760. 034 1760. 101
] 1988. 622 1989. 121
5 2071, 862 2071. 920
6 5407. 311 5209. 751
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ACOUSTICAL MODES OF ARBITRARY VOLUMES
USING NASTRAN TRANSIENT HEAT TRANSFER RF9

V. Elchuri, G. C. C. Smith, A. Michael Gallo
OR'GINAL PAGE IS Bell Aerospace Textron, Buffalo, New York

OF POOR QUALITY
SUMMARY

An equivalence between temperature and pressure, heat conduction and 'stifiness',
and heat capacity and 'mass' is defined, enabling acoustical modal analysis of
arbitrary three-dimensional volumes. The transient heat transfer analysis rigid
format in NASTRAN, RF9, has been ALTERed providing the acoustical analysis capa-
bility. Examples and AJ.TERs are included.

INTRODUCTION

A twenty-node isoparametric acoustic finite element model was developed ir
Reference 1 for analyzing the acoustic modr of irregular shaped cavities. 1In the
present paper,

1. the existence of an identical element in NASTRAN (IHEX2) and,

2. the recognition of the similarity between the acoustical matrices of

Reference 1 and the thermal matrices of NASTRAN
have enabled the posing and solution of the acoustics eigenvalue problem for arbi-
trary three-dimensional cavities bounded by 'hard' acoustic surfaces. A simple
modification of the transient heat transfer rigid format RF9 provides the acoustics
analysis formulation in NASTRAN.

SIMILARITY OF ACOUSTICAL AND THERMAL MATRICES

Summarizing the finite element formulation of Reference 1, the pressure p in a
volume V bounded by a surface S satisfies the three-dimensional wave equation and
boundary corditions:

v%p + (wz/az)p = 0 in V, and (1)

Vp « i =0 on S, (2)
where w is the frequency of vibration of the acoustical mode, a, is the speed of
sound, and fi is the outward normal to S. Representing the volume V by an assemblage
of three-dimensional finite elements, the corresponding eigenvalue problem becomes

K - w’M{p} = 0 , (3)

where for the ith element

T
[kl = f (Bl [B),aV (4)
vy
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x
(B]; = -27 v, (6)
9
| 9z | .

The shape function LNJ; approximates the pressure within the ith element in terms of
the nodal pressures {p}i az

p=Lnd o}, . (7

A comparison with the NASTRAN heat transfer analysis capability (Ref. 2)
indicates that,

1. equation (4) is identical to the heat conduction matrix, if the thermal
conductivity is unity, and

2. equation (5) is identical to the heat capacity matrix, if the thermal
capacity per unit volume is 1/a?.

The temperature degrees of freedom in the thermal analysis are taken to corre-
spond to the pressure degrees of freedom in the acoustics analysis.

The above correspondence together with the real eigenvalue analysis module
fREAD) permit the determination of the acoustic»l modes and frequencies. An ALTER
package to be used in HEAT APPROACH RF9 is included in the Appendix.

EXAMPLES

The two examples of Reference 1, shown in Figures 1 and 2, were analyzed using
the modified RF9. The results, generally in agreement, are presented in Tables 1 and
2, and Figure 3. It is noted that the missing geometric dimensions in Figure 2 were
scaled from the figure of Reference 1.

CONCLUDING REMARKS

With a simple modification, and a 'redefinition' of thermal conductivity and
capacity, the transient heat transfer rigid format in NASTRAN has been used to deter-
mine the acoustical modes and frequencies of arbitrary volumes. The volume can be

"modelled by any of the solid elements permitted by RF9., Although only acoustically
. hard surfaces have been considered in this paper, simple extensions to other boundary
- conditions are considered to be possible.

- er
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APPENDIX

$ ALTER HEAT RF 9 (NASTRAN RELEASE AFRIL 1982)

%
ALTER 26526 % SET NOMGG=1 RECAUSE (7 ERROR IN ITHEX2 1LLOGLC,
EMG HESTyCSTMeMFT o DITy GEOM2y /HKEL My HRKDICT y UM » DUM2 yHREL My HRDIC T/

SyNyNORKGGX/ 1/ SyNyNOBGE $

ALTER 67+467 % COMPUTE AND FRINT MOLES

DFED DYNAMICS s GFL s HE YL s HUSET /ZGRLLy HS LIy HUSETD s TFFOOL sHIL. Ty v »
HNLFTyHTRL yEEDy HEQDYN/HLUSET/SyN-HLUSETD/123/5 s Ny NOINW T/
123712375y NsNONLFT/SesNyNOTRL/ZSyNe NOEEDR/ /8y Ne NOUE $

FARAM //XMFYX/NEIGV/1 /-1

REAI HKAA s HEBAAY s y EEDNy HUSE Ty CASELC/L.AMAYFHIAYy y OETGS/
AMODESX/Ss Ny NETGY ¢

QOFF OFELGSyLAMAY Yy // %
SIR1 HUSETy yFHIAy y 21130 Gy y vy /FHIG Yy o /L /XRETGX %
SOR2 CASECCYyCSTMyMPTyDITYyHEQRYNYHSTL » » y BGFIIF v L.AMAY yFHIGY
HEST s /vy OFFIGy vy s FPHIG/XRETEX 4
OFF UPHIG,”,, /7 %
~1.0T FLTFARyGFSETSyELSETS y CASECCy RGFDTyHEQEXINsHSIF » » FFHIGy HGFECT »

ZPLOTX3/HNS L /ZHLUSER/ JUMPFLOT/ZFLTFLG/FFILE ¢
FRTMSG  FLOTX3//7 %
ENDIIALTER
TABLE 1. ACOUSTIC FREQUENCIES OF A RIGHT-ANGLED PARALLELOPIPED (cyc/T)

(a) Symmetric Modes

Mode cxact Frequency* Ref. 1 Tnis Paper
1, 0, 0 699 702 680
2, 0, 0 1398 1542 1495
0, 0, 1 1500 1506 1460
1, 0, 1 1655 1664 1613
2, 0,1 2057 2155 2090
3, 0, O 2097 2525 2448
3, 0, 1 2579 - 2925
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TABLE 1. ACQUSTIC FREQUENCIES OF A RIGHT-ANGLED PARALLELOPIPED (cyc/T)
(Contd.)
(b) Antisyrmetric Modes

Mode Exact Frequency* Ref. 1 This Paper
0,1, 0 1250 1255 1255
1, 1, 0 1432 144C 1430
2,1, 0 1876 19€8 1952
0, 1, 1 1953 1963 1928
1, 1,1 2074 2089 2048
2, 1,1 2401 2499 2440
3, 1,0 2442 2875 2808
3, 4,1 2866 3346 3233
- 20 (%2, m.2 0.2k
* fQ’ m n ? 1(2 ) 4 (Zy) + (R )T, (Ref. 1)

Z

Qx’ Qy' iz sides of the parallelogiped

TABLE 2. ACOUSTIC FREQUENCIES OF MODEL VAN (cyc/T)

(a) Symmetric Modes

Ref. 1
Mode Experimental Calculated This Paper
1 AG6 593 562
2 1174 1150 1104
3 1549 1556 1524
4 1613 1605 1580
5 1817 1829 1751
5 1992 2026 1993
(b) Antisymmetric Modes
Ref. 1
Mode Experimentel Calculated This Paper
1 1220 1168 1118
2 1357 1317 1245
3 167, 1634 1568
4 1996 1956 1940
5 2021 1997 1968
6 2176 2187 2107

ORIGINAL PAGE 3
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AN ALTERNATIVE METHOD OF ANALYSIS FOR BASE

ACCELERATED DYNAMIC RLSPONSE IN NASTRAN

V. Elchuri, A. Michael Gal'o, G. C. C. Smith
Bell Aerospace Textron, kuaffalo, New York

SUMMARY

An alternative method of analysis to determine the dynamic response of
structures subjected to base accelerations is presented. The method is exact as
opposed to the approximate technique of using unusually large masses and loads to
enforce desired base accelerations. This paper presents the relevant equations of
motion, ALTERs for direct and modal frequency-, random- and transient-response rigid
formats, and illustrative examples.

INTRODUCTTION

Dynamic environments of industrial structures and structural components are
frequently specified in terms of base accelerations. The dynanics analysis capa-
bilities of NASTRAN, however, provide for the specification of loads rather thun
accelerations. An approximate technique is therefore, generally practiced wherein
the structural degrees of freedom with known (base) accelerations are _assigned very
large masses (or mass moments of inertias, of the order of 10% to 1012 times the
total structural mass) and subjected to correspendingly large loads to enforce the
desired base accelerations (ref. 1). This method can, in some instances, lead to
erroneous results as shown by the frequency response function in Figure 1. The
function represents Oxx,1 in element 2 when the cantilevered plate, shown in
Figure 2, is subjected to a unit base acceleration z (f) = 1. A concentrated nass
of 10% units was used in the z (translation) degree of freedom at grid point 1. The
solution was obtained using the direct frequency and random-response rigid format
DISP RF 8. A viscous damping matrix proportional to the structural stiffness matrix,
BDD = 2.0 E-0 KDD, was used enabling a direct comparison of the results with those
from the alternative methol.

The method discussed in the following sections avoids the use of fictitious
large masses thereby eliminating any associated cenditioning problems. For a modal
formulation of the problem, the modal basis currently available in NASTRAN rigid
formats is used. These modes are the base-relaxed modes including rigid body modes,
and counstitute a plausible basis for base excited dynamic response calculations.

The prevailing boundary conditions are satisfied by all modes. The user directly
specifies base accelerations on existing HASTRAN bulk data cards.

NOMENCLATURE

Note: A consistent set of FLT units has been used throughout this paper.
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cn O

Dampingvmatrix, FL”lT

Viscous damping, FL-lT

f Frequency, T-l g‘:‘g‘g&t gcﬁfﬁ"s
g Modal damping coefficient

i /-1

K Stiffness matrix FL-1

k Stiffness, FL

M Mass matrix, FL-]'T2 .

m Mass, FL—l'I‘2

P Load vector, F

P Derivative operator é%-, 'I‘—1

t Time, T

u Displacement vector, L

¥,z Translational accelerations, LT

w Circular frequency = 2nf, 'I'-1

wi Circular frequency of ith natural mode, T -

¢ Modal matrix

oxx,l Normal stress component in basic X direction, z- fiber, FL
Subscripts:

a, d, h, 2, p, r NASTRAN displacement sets

D = d-r set

METHOD OF ANALYSIS

Direct Formulation

After the application of constraints and partitioning to both structural and
direct input matrices, the equation of forced motion is
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[[Mdd]pz + [de]p + [Kdd] {ud} = {Pd (t or w)} . (1)

The displacement vector uy is partitioned as

ORITINE! ranp ¥ B¢

U
{u,} = {==-} * -
d u. OF PuuR QUALITY

with u, representing the base accelerated degrees of freedom. Equation (1) can now
be rearranged into the following two equations:

.0 B 'B X Tru
[['—199—'»--] p2 + [0ty o {EQP-rﬁ’EJJ {2}

, and 3)

u
: 2 | e 1Dy L

[[MrD:Mrr]p + [BrD:Brr]p + [KrD:Krr]J{ur } {Pr} . (4)

Given the base accelerations pzur, equation (3) is solved for uqs Puy and pzud.

Fquation (4), in turn, can be solved for P~ the loads required on the base degrees
of freedom to cause the desired base accelerations.

Modal Formulation

The displacement vector ugq is written as

u O
{u.} = {._D_} = [_P‘_‘
d Yr ¢)rh-

where the modal matrix ¢4, has been appropriately expanded to include any extra
points (ref. 2). Substituting equation (5) in equation (3), and premultiplying both
sides by ¢JL, the resulting equation of motion is

{uh} = [¢dh]{uh} , (5)

where . \
) T M0 0
[Mhh] [(bdh:I [-BQTE;- [¢dh] ’
8,1 = [8L,1 + [o,1" Fgg@‘_’g;] [0g] -
[k, = [¢thT{‘f_Dpi‘fyg] [64,] , and Q)
' (continued)
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{Ph} - [d)dh.| - 2 . N
[Mrr]p {ur}

Consistent with the existing capabilities of NASTRAN rigid formats for modal
frequency- and random-, and transient-response analyses (DISP RFs 1l and 12), the
modal damping matrix By consists of contributions due to,

1. the damping matrix Bih proportional to the mass matrix as

(31 1= Cu g J Lo, 1" ”gD;”gr (041 > (8)

with the elements of the diagonal matrix corresponding to all extra points set to
zero, and

2. the direct input matrix.

Given the base accelerations pzur, equation (6) is solved for uy, pu, and pzuh.
Eguation (5) is used to recover the displacement vector uy and its rates puy and
pP“uq. Equation (4) can be used to recover the loads P,. The damping terms BrD and

B,., are partitions of the directly specified damping matrix B2PP.

IMPLEMENTATION IN NASTRAN

The method of analysis discussed in the previous section has been implemented
in NASTRAN April 1982 release in the form of DMAP ALTERs. The ALTER packages for the
displacement approach rigid formats 8, 9, 11 and 12 are given in the Appendix.
Fxisting NASTRAN utility modules have been used to partition and merge various
matrices for the rearranged equation of motion. The functional module FRRD2 for the
frequency response rigid formats has been modified to solve coupled equations of
motion. These modifications are also included in the Appendix.

In using these ALTER packages, the following points are to be considered.

1. The base accelerated degrees of freedom are specified on the SUPORT bulk data
card.

2. The base accelerations are specified on RLOADi or TLOADi bulk data cards akin
to specitying loads.

3. The base accelerated degrees of freedom must have non-zero mass (or mass moment
of inertia). No fictitious large masses are required.

4. In rigid formats 8 and 11, external loads can be applied to all (p-r) set
degrees of freedom.

5. In rigid formats 9 and 12, external loads can be applied to all (d-r) set
degrees of freedom.

6. An OLOAD request for the base accelerated (r set) degrees of {reedom in RFs 8
and 11 results in the Joads on these degrees of freedom necessary to cause the
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specified base accelerations. Such a request in RFs 9 and 12 will output the
specified base accelerations. This is due to the non-availability of puy and
P“uq in distinct data blocks.

7. If OLOADs are requested for the base accelerated degrees of freedom in RF8 and
11, a real diagonal matrix named FREQ must be input on DMI bulk data cards with
entries sorted in an ascending order from the FREQ or FREQi bulk data card.

The order of the FREQ matrix must be equal to the entries on the FREQ or FREQi
bulk data card.

8. Mode acceleration method of data recovery is available both in RF1l and
RF12.

9. The data recovery procedures in all the four rigid formats remain unchanged,
with the exception of stress recovery. The stresses are computed usiug dis-
placements (or modal displacements) relative to the base. This is due to the
fact that in problems with specified base accelerations, the absolute displace-
ments can become extremely large. The subsequent stress calculations, as a
result, are based on small differences of large numbers, and can be in error as
shown by the stress response at very low frequencies in Figure 1. It is to be
noted that any limitations imposed by these ALTER packages are as a direct
result of utilizing existing functional and utility modules, with the necessary
exception of FRRD2. These limitations can easily be overcome by creating new
(dummy) modules.

ILLUSTRATIVE EXAMPLES

Two problems (Figures z and 3) are considered to illustrate the alternative
method of determining base accelerated dynamic response. The problem in Figure 3 is
used to illustrate the accuracy of all the four ALTER packages. The problem in
Figure 2 is used to compare response calculations with those shown in Figure 1.

Figure 3 shows a 2-degree of freedom system subjected to a known base accelera-
tion at mass my. The problem is to determine the acceleration response of mass m,.
The following steps are followed in obtaining and cross-checking the solution by
various ways:

1. RF8 with ALTERs is used to determine y,(f) and Py(f), given y;(f).
2. RF8 without ALTERs is used to determine ¥;(f) and y,(f), given P;(f).
3. Steps 1 and 2 are repeated with RF1l.

4. RF9 with ALTERs is used to determine ¥,(t), given yj(t).

5. Step 4 is repeated with RF12.

Figures 4 and 5 show the results of steps 1 through 3 which compare well with
the theoretical results given by

o) = k + iwc
Y2 k + igc - wlm

2] §1(w) ,and P, (w) = mli?l(w) +m,y, () . (9)
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T T C ‘v f rops 4 and 5 with theorv. The
-Cwnt
. = -_e____.—-‘_ /-:Z » 9
yz(t) 1 U cos (V1 g wnt + Y, ),
where ; =c¢/ (2vkm7) ,
w = /E/mz , and
> (10)
v, = tan (=)
vl - ¢
for §l(t) =0, t<0
=1,t>0. j

Figure 7 presents the frequency response function of Figure 1, using RF8 with
base acceleration ALTERs. For comparison, a damping matrix proportional to the
structural stiffness matrix was used in both solutions (BDD = 2.0 E-6 KDD). The
response does not rely on the selection of any fictitious large masses, The error in
the stress response at low frequencies is also eliminated.

CONCLUDING REMARKS

1. An alternative method of determiniug base accelerated dynamic response in
NASTRAN has been presented and demonstrated, avoiding the use of fictitious large
masses.

2. Although this paper discusses the problem and its solution in terms of absolute
degrees of freedom, a number of variations can be simply achieved to suit particular
problems. As an example, the introduction of the degrees of freedom relative to the

base degrees of freedom, at least in the absence of extra points, can be easily
accomplished by the transformation

u) ‘ u
{ud} = {ua} = 7;%T = [E%-PJ{-&lggll} , (set e null)
r
e (11)

with [0] = -[x,, 17" [x, ] .

o

This is useful in addressing shock spectrum response problems, and can lead to
symmetric coefficient matrices and uncoupled (modal) equations of motion.

4, The method can form the basis for considering displacement and velocity base
excitation problems in NASTRAN,
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$3$

$$ ALTERS T0O S0OL 8 (NRSTRAN AFRIL 1982) FOR BRASE ACCELERATION.

3

ALTER 87 ¢

REMG1 USETsKARY / KNLLsKLRsKRRrrr $

REMGZ KL 7 LLL %

REBMG3 LLLsKLRyRKRR / ©IIM %

ALTER 121122

FRLG CASEXX»USETDy IL.TFRLyGHD» GODDITy /FFFyFSE FIRFyFOLyPHF/
XDIRECTX/FREQY/XFREGX $

EQUIV FFFyFIIF/NOSET &

VEC USETN/VF/XFX/XCOMPK/XKRK $

VEC USETD/VD/Z XD/ XCOMFX/XRE ¢4

FARTN FFFy s VF/FFF1yPFF2ys /1 $

FARTN FIOF» yVL/FDF Ly FIF2y 9 /1 $

FARTN ML, VI ZMNDL 1y MOD21 s MUDL 2 MID22 %
FARTN RIDy VIty /BND1 1 y ROD21 s RODL 2> BOD22 4
FARTN KODs Uity /RN 1 o KDN21 » KDDL 2, KID22 §
MERGE MOLL 1y y y MDD22yVDy/ MDY /~1/70/1 $
MERGE BOD1 1y yBIDL2y»VIty/ BIMIL /7 -1/0/1 &
MERGE RODLLe s KDL 2y 9y WLy /7 KODY /17071 %
MFYAD MODL2yFPF2yFPIOFL/ FIIFF1 /70/-1 %
MEYAL MOD22yFFF2y / FOFF2 70 %

MERGE FOFF1sFOFF2y» vy VIL/ FIFF /17072 %
FRRD2 KRODLyBODOL e Dy y FOFFFOLZUDVF/70.0/0.0/-1.0 &
AlD FREQs» /OMEGAT/Z(0.056,28318%5) ¢

ALD FREQy /0MEGAL/(6.28318590.0) ¢

I'TAGONAL OMEGAL/0MEGA2/XSRUAREX/2.0 $
MERGE ADD21 y y MINND22y Uy / MIOD2 /717072 8

MERGE BODL21y y RDN22y »VIHy /7 RINZ2 /1/0/2
MERGE KOD21» yKOND22y yUDhy / KIDD2 /717072

SMFYAD MID2 y UIIVF y OMEGAZysy / TEMFL / 3/-1 &
SMFPYALD RIN2yUDVF y OMEGALyyy 7/ TEMF2 /7 3 8

Al TEMF 1y TEMF2 / TEMF3 $

MPYAL KDD2yUDVFy TEMFS 7/ FFF2/7 O ¢
MERGE FEF1yPPF2yr99VF / FFF / 1/0/2 8
EQUIV FFFsFPNEF/MFCF1

COND LERL1BAYMFCEL $

VEC USETI/VECNEM/ XFX/XNEX/XMX $

PARTN FFEFy sy VECNEM/FRNEFyFMFry / 1§
MPYALD GMDOy FMF»FBNEF/ FPNEF . 1 $
LAREL LEL18A $

EQUIV FNEF s FFEF/SINGLE $

CONID Lel. 18Ry SINGLE $

VEC USETN/VECFES/KNEX/XFEX/XSY $
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FARTN
LAREL
EQUIV
COND
VEC
FARTN
MPYAD
LABEL

ORIGINAL PASE 1g

PNEF » NECFES/PFEF:PSFP’F f OOR QuALITY
LEL1BR $

FFEFyPDF/OMIT $

LRL1BCyOMIT $
USETI/VECDO/XFEX/XKDK/XOX $

FFEF» y VECTIO/PBDOF yFOF vy 7/ 1 8
GOLYFOFyFBOF/ PDF/ 1 $

LEL18C ¢

ALTER 123,123 $ USE FOL INSTEAD OF PFF

VDR

CASEXX»EQDYNYUSETD» UDVF s FOL» XYCDBy /0UDVCL v / XFREQRESF X/
XDIRECTX/SyNyNOSORT2/Sy Ny NOD/S» Ny MOF/0 €

ALTER 139,139 ¢ USE FOL INSTEAD OF FFF

SIIR2

VEC
VE(
FARTN
PARTN
MFPYAID
UMERGE
UMERGE
EQUIV
COND
Shki
LLAREL.
SHR2

ENDALTER

CASEXXyCSTMyMPTyDITyEQDNYNsSILDy » y BGFDFyFOL s QFCrUFVCYEST s XYCLIRY
PEF/0FFPC1y0QFC1»OUFVC1» yOEFC1yFUFVCE/XFREQRESFX/
SyNsNOSORT2 ¢

USETD 7/ VD2 / XDX/XAX/XEX §

USETD /7 VA2 / XAX/XLX/XRX $

UNIVE v VD2 7/ UAVUFYUEVF Yy /7 1 8

UAVFy»VA2 /7 ULVFYURVFyy /7 1 ¢

DMy URVFyULVF 7 ULVFF / 0 /7 -1 %

USETDyULVFFy / UAVUFF / XAX/XLX/XRX $

USETHsUAVFPSUEVF / UDVFF / XDX/XAX/XEX $
UDVFF s UFVCF/NOR $

LEL19AYNOA $

USETHy yUDVFFPy » 9y GODe GMIly 99y / URVCPy»y / 1/7XDYNAMICSX $
LRBL19A ¢
CASEXXyCSTMyMPTyDITYEQDYNySILLy y yBRGFOF9FOL » yUFVCFESTy
XYCIBy 7y v vy QESC1yy /XFREQRESFX/SyNyNOSORT2 ¢
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3

$$ ALTERS TO SOL 9 (NASTRAN AFRIL 1982) FOR BASE ACCELERATION.
1 14

ALTER 87 $

RBMG1 USET»KAAy / KLLYKLRsKRRss» $

RBMG2 KLl 7 LLL ¢

RBMG3 LLLsKLRyKRR / DM

ALTER 1255125 ¢

VEC

PARTN
PARTN
PARTN
PARTN
MERGE
MERGE
MERGE
MPYAD
MPYAD
MERGE
TRD

USETD/VN/XDX/XCOMFX/XRX $
PDyyUD/FD1yFPDR2yy/1 &

MDDy VDY /MDD 1 MOD21 y MDIL 2y MIDI22
BDDy» VD /BIN11yRDD21y RDD1 2y RDD22
KDDyUDy /KDD11»KDD21 y KON 2 KON22
MDD11,y» yMOL22,VDy/ MDD1 /-1/0/1
BDD11s»BDD12»,VDy/ ROD1 /-1/0/1
KDD11ysKDD12,5sVUNty/ KDDL /-1/0/1
MnDI2yPD2yFR1/ PO /70/-1 &
MDD22,PD2y / FDR2 /70 %
FDD1»FODR2y sy sVD/ PID /17072 %
CASEXXs TRLYNLFT»DITyKDRD1yRDL1 yMDD1»FDDY/

UDVTyPNLD /7 XDIRECTX/NOUE/1/SeNyNCOL/CsY»ISTART $

L R K

ALTER 139,139 $

SDR2

VEC
VEC
PARTN
PARTN
MPYAD
UMERGE
UMERGE
EQUIV
COND
SDR1
LABEL
SDR2

ENDALTER

CASEXXsCSTMeyMPTsDIT+EQDYNySILDy y y BGPDF s TOLsQF s UFV»EST
XYCDEyPFPT/0PF1s00F1y0UFPV1y yOEF1sFUGV/XTRANRESFX $
USETD 7/ VD2 / XDX/XAX/XEX $

USETD 7 VA2 / XAX/XLX/XRX $

UDVT» s VD2 / UAVTYUEVTyy /7 1 $

UAVUT» s VA2 / ULVTYURVT»y 7 1 %

IMyURVT»ULVT /7 ULVTF /7 0 / -1 %

USETLyULVTPy / UAVTF / XAX/XLX/XRX $

USETDyUAVTPYUEVT / UDVTF / XDX/XAX/XEX $
UDVTPyUPVTF/NOA $

LRL19AYNDA $

USETDy sUDVTF sy s GODyGMIIyyyey / UFVTPy» / 1/XDYNAMICSX $
LRL19A $
CASEXXyCSTMsMPTyDITEQDYNeySILDy » yBGFLIFy TOL » yUFVTFYEST »
XYCIRs /9 »»OES1yy /XTRANRESFX $
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$$ ALTERS TO SOL 11 (NASTRAN APRIL 1982) FOR BASE ACCELERATION.

11

ALTER 93 ¢

PARAM //7%ADDX/KDEK2/NOGENL/NOSIMF $

ALTER 95,96 ¢

PARAM //7%ADDX/NOBRGG/~170 $

PARAM //%¥ADDX/NOKAGG/~1/0 ¢

GKAD USETDyGM»GOsKAAY  MAAY y K2FF » M2FF »y R2PF/
KDD s BODy MDDy GMDy GODy K2DDy M2D0Dy R2DNI/XFREQRESFX/XDISFX/
XDIRECT%X/0.0/0.0/0.0/NOK2FF/NOM2FF/NOR2FF/MFCF1/SINGLE/
OMIT/NOUE/NOK4GG/NOBRGG/KDEK2/Vy Yy MODACC -1 %

EQUIV B2DDy BDD/NOBRGG/M2DD s MDII/NOSIMFP/K2DIs KDD/KDEK2 $

FRLG CASEXXsUSETDyDLT¢FRL »GMD»GODyDITy» /FFFsPSFsFPIOF » FOL »y PHF /
XDIRECTX/FREQY/XFREQX $

EQUIV PPFyPDF/NOSET $

VEC USETD/VP/XPX/XCOMFX/XRx $

VEC USETD/VDO/XDX/XCOMFX/XRX $

PARTN PPF>sVP/FPF1yFPFF2s5/1 $

PAR N PDF s »VDI/FRF19POF2s9/1 $

PARTH NNy VDy /7MID11 9y MOD21 s MIID12y MDLI22 $

PARTN ROUL VD /HDODL11 » BID21 » BOV1 2y RDDO22 $

PARTN KRDyVIy /KOD11 y KDDO21 » KDL 2y KDG2Z $

MERGE MDD11y s o MDDO225VDy/ MDD /-"/0/1 ¢

MERGE BRD11,yBDNO12y»Viy/ RDIL /-1/0/1 %

MERGE KOD11y s KDD12y yVDiy/ KDDL /-1/70/1

MFYAD MDO12,FFF2yFDF1/ FDFF1 /0/-1 $

MPYAD MDO22sFFPF2y / FPDFF2 /70 %

MERGE POFF1yFPOFF2yy»yVO/ FOFF /71/0/2 %

GRKAM USETDyPHIAYMIsLAMAYDITy »» y CASEXX/
MXHHy BXHHy KXHH s FHIOH/NOUE/Cy Y vy . MODES=0/
CrY,LFREQ=0.0/C»YsHFREQ=-1.0/~-1/-1/~1/
SsNsNONCUF/S+NyFMODE $

MFYAD FHIDHsFDFF» /FHF/1/71/70/0 %

SMFPYAD PHIDHyMOD1 s FHIDHy » 5 /MHH/3/1/1/0/1 %

SMFYAD FHIDHyKDD1 s FHIDMHY » » /KHH/3/1/71/0/1 $

PURGE B2HH/NOB2FF $

COND LBL13AyNOB2FF $

SMPYAD FHIDHyRDD1 s FHIDHy vy /B2HH/3/1/1/70/1 $

LABEL LBL13A $

EQUIV MAAYM1DD/NOUE $

COND LBL13ByNOUE $

VEC USETI/VDL1/XKDK/KAX/XKEX ¢

MERGE MAAr sy r sy VDl / MILD /-1/0/1 %

LABEL. LBL13R ¢

PARTN M1UDy VD /MIOD1I1y s MIDDOI2y

MERGE MIDD11yyMIDDI2y sVDry/ MIDD2 /-1/0/1 %

SMPYAD FPHIDHsMIDD2yPHIDHy » » /MIHH2/3/1/170/1 $

ODIAGONAL MXHH/MINV/XSQUAREX/~-1.0 $
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SMPYAD
ADD
FPARAM
ALTER
FRRDZ2
DDR1
ADD
ADD
DIAGONAL
MERGE
MERGE
MERGE
SMFYAD
SMPYAD
ADD
MFYAD
MERGE
EQUIV
COND
VEC
FARTN
MFPYAD
L.AREL
EQUIV
COND
VEC
FARTN
LABEL
EQUIVY
COND
VEC
FARTN
MFYAD
LAREL

URIGINAL PAGE IS
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MINVsBXHHsM1HH2y»s /7 TEMF1 /7 3§
TEMF1sBR2HH / RHH $

//¥ADDX/NONCUF/1/70 $

299,100 $

KHHy BHH» MHH» s FHF y FOL/UHVF /70.0/0.0/-1.0
UHVF y FHIDH/UDVF $

FREQy» /OMEGAL/(0.0+6.283185) $
FREQy» /OMEGAL/(6.28318550.0) $
OMEGA1/0OMEGAZ/XSRUAREX/2.0 $
MIn21,MDD22y V0 / MDD2 /1/70/2
BDD21y s RDD22, V0, / BRDDB2 /1/0/2
KDDR21» sy KOID22, 4¥Dy /7 KDD2 /17072
MDLO2UDVF yOMEGA2yrs / TEMP2 / 3/-1 $
RDD2y UDVF »OMEGALr»»y / TEMP3 / 3 8
TEMF2yTEMF3 / TEMF4 $
KDD2yUDVF»TEMF4 / FFF2 / O %
PFPF1sPFPF2syysVF / PFF / 17072 $
PFFsFPFNEF/MFCF1 $

LRL15AYMFCF1 $

USETI/VECNEM/ XFX/XKNEX/XMX $

FFPFs s VECNEM/FPBNEF sFMFyy / 1 $
GMDyPMFyPENEF/ FNEF / 1 $

LEL15A

PNEFyFPFEF/SINGLE $

LBRL1SRySINGLE $
USETL/VECFES/XNEX/XFEX/XSX $

FNEF s yVECFES/FFEFsFSFyy / 1 ¢
LBL15E $

FFEFyFIF - OMIT $

LRLISEC-OMIT $
USETD/VECDO/XFEX/XDX/X0X $

FFEF s »VECDO/FRIOFsFOFyy / 1 %
GODsFOFsFPBIOF/ FOF/ 1 %

LRL13C $

L

ALTER 101,101 $ USE FOL INSTEAD OF FFF

VIR

CASEXXsEQDYNyUSETD s UHVF s FOL» XYCDRy /OUHVC 1 » /XFREQRESF X/
AMODALX/SsNeNOSORT2/SyNyNOH/SyNs NOF/FMODE $

ALTER 1146+116 $ USE FOL INSTEAD OF FFF

DOR2

USETDyUNVIFyPOF yK2DDy B2DD» MDDy FOL o LLL y DM/
UDV2F » UEVF y PAF /XFREQRESFX/NOUE/REACT/FRQSET $

ALTER 122,122 $ USE FOL INSTEAD OF FPFF

SDR2

CASEXXyCSTMyMFTyDITsEQDYNsSILDy » y BGFIFyFOL s QFCy UFVCYEST

XYCDRyFFF/0FPC1s0QFC1 yOUFVCL1yOESC1y0EFC1yFUGV/ XFREQX/
SNy NOSORT2 ¢

ALTER 128128 ¢

SNR2

CASEXXyCSTMsMFTDITYyEQDYNySILDr vy 9y LAMAs QFHyFHIFHYESTy XYCDE Y /

yIQF1y IFHIF1» y IEF1 vy /XMMREIGX/Ss Ny NOSORT2 $

ALTER 129,129 $ USE FOL INSTEAD OF FPFPF

SDR2

VEC

CASEXX» » s yERDYNeSILIly vy yFOL Yy y » y XYCIIRs FFPF/
OFFPCAyyyr v /XFREQX $
USETD /7 VN2 7/ XDXK/XAXK/XEX $

100

2y



A BESLE S

ORIGINAL PAGE 5

VEC USETD 7/ VA2 / XAX/XLX/XR%x $ OF POOR QUALITY

FARTN FHIDHy V12 /7 FHAVFYFHEVFsy / 1 ¢

FARTN FHAVF » » VA2 / FHLVFYFHRVFsy / 1 $

MFYAD DMy FPHRVF s FHLVUF / FHLVFF / O 7/ -1 $

UMERGE USETDy PHLLUFFy / FHAVFF / RAX/XLX/XRX $

UMERGE USETDy PHAVFF Yy FHEVF / FHIVFF / XK/ XAK/XEX &

SIDIR1 USETDy s FHOUFFy » y GODy GMI'y s vy / FHIFHEFYy» / 1/XDYNAMICSX $

SIR2 CASEXXyCSTMyMFTyDITsEQDYNySILDy vy » oL AMA» s FHIFHF sESTy
XYCLHBy /y»» IES1yy /XMMREIGK/SyNyNOSGRTZ $

ALTER 134,134 ¢ USE FOL INSTEAD OF FFPF

DIIRMM CASEXX»UHUF »yFOL s IFHIF2» IQF 2y IES2y JEF 2o XYCDR,ESToMFTH»DIT/
ZUFVC2yZAPC2»yZESC2yZEFC2y $

ALTER 138s133 $ USE FOL INSTEADR OF FFF

LHIRMM CASEXXsUHUF yFOLy IFHIF1 s IQF1sIEST1yIEF1,y yESTyMFT DIT/
ZUFVC1 s Z0FC1yZESC1+ZEFCLy $

ENDALTER
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$3$

$$ ALTERS TO SOL il (NASTRAN AFRIL 1982) FOR RASE ACCELERATION.
$$

ALTER 88 $

FARAM Z//7XADDX/KDERNA/NOUE/NOK2FF $

FARAM //7¥%ADNK/KDER2/NOGENL /NOSINP $

EQUIV NAAyYKDD/KDEKA $

ALTEF $0:91 $

FARAMN //7%ANDNX/NOBRGG/-1/0 ¢

PARAM //7X¥ADNK/NOKAGG/~1/0 ¢

GKAJ USETD»GM»GO» KAAY y MAAY 1 K2FF y M2PF» R2FF/
KDLy BODy MO0y GMDy GODy K2DRDy M21 Ly R2DDO/XTRANRESF X/ XDISFX/
XDIRECTX/Cr»Y2G6=0.0/CoYrW3=0.0/0.0/NOK2FPF/NOM2FFP/NOR2FF/
MFCF1/SINGLE/OMIT/NOUE/NOKAGG/NORGG/KIEK2/V Yy MODACC=~1 ¢

EQUIV EB2DLDy ROD/NOGPLRT /M200y MDO/NOSIMF/K2DDyKOR/KDERZ2 ¢

GRAM USETDyFHIAYMIyLAMAYIIT»»» yCASECC/
MXHH s BEXHHy KXHHs FHIDH/NOUE/C» Yy LMORES=0/
CrY»LFREQ=0.0/CyYyHFREQ=-1,0/~1/-1/-1/
SyNyNONCUF/SyNsFMODE $

VEC USETH/VD/XDk/XCOMFX/XRX $
EQUIV MAAyMIDD/NOUE $

COND LEL12yNOUE $

VEC USETR/VDL/ XD/ KAK/XKEX $
MERGE MAAr»y s VMl y/ MILDL /-1/70/1 %
LAREL i-BL12 ¢

FARTN M1DDOVDy /7MIDD1y yMI0N12y 4

MERGE MIOD11y o MIDO12y»V0y/ MIID2 /-1/0/1 ¢

SMFYAD FHIDHM1DN2yFPHIDHY y » /M1IHH2/3/1/1/0/1 %

DIAGONAL MXHH/MINV/XSQUAREX/-1.0 ¢

SMFPYAL MINVyBEXHHyM1HH2yyy /R1HH/3 %

ALTER 99:99 &%

TRLG CASEXXyUST Ty Ty SLTyBRGPOT ySILyCSTMy TRL s DITyGMIIyGOLy yEST»
MEG/FFT. . STePOTsFOy e TOL / SeNeNOSET/NCOL $

ALTER 101,301 ¢

FARTN FLis yVII/FDLsF2y e /1 &

FARTN MDDy VDy /MDDA L MDD21 » MDD 2y MIID22 $
FARTN EODe VDy /BDINL 1y ROD21 y RO12 o ROD22  $
FARTN NODsVDy /KDDLy KOD21»KOD12yKDD22 $
MERGE MNNLly » yMID22,V0y/ MDD /-1/0/1 %
MERGE BON11y s RO 2y 92D/ RO /-1/70/1 &
MERGE KObilly oK 29 9VDy/ KID1 /~1/0/1
MFYAD MODL2yFD2yFD1/ FODYI /0/-1

MFYAD MEOD2D Fa2y / FOI2 /70 8

MERGE FOD1yHDDO2sys s VDi/ FOD /17072 ¢

MFYALD FhaDHyFLID» /7FH/1/71/70/0 $

SMFYAD FouIBHeMDD1yFHIDHy v » /MHH/3/1/71/70/1 $
SMPYAD FHIDHy KDDL yFHIDHe v » /KHH/3/1/7170/1 $
EQUIV BiHH» BHH/NORZFF ¢

conp LEL13AsNOR2FE 8

SMF Y AD FHIDHy BDII Ay FHIDHY y y RIHH/BHH/3/71/1/70/71 8
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LAEREL LRL13A $

FARAM //7XANNX/NONCUFR/1/0 $

TRD CASEXXy TRLYNLFTyDIT»KHH» BHHy MHHy FH/UHV Ty FNLH/
AMODAL X/NOUE/NONCUF/SyNsNCOL/C Y+ ISTART %

ALTER 128,128 $

SDR2 CASEXXsCSTMsMFTYDRITIEQDYNsSILDy vy » y LAMAYQFHyFHIFHYEST »
XYCDERy»/yIQP1y IFHIF1y »y IEF 1y /XMMREIGK $

ALTER 129 $

VEC USETD » VD2 / XDK/KAK/XKEX ¢

VEC USETIl / VA2 / XRAX/KLX/ARX $

FARTN PHIDHyY yVD2 / PHAVT»FHEVTY» /7 1 $

FARTN FHAVUT» s VAZ / FHLVUIsFHRVUTy» 7 1 $

MFYAD DMy FHRVUTyFPHLVUT / FHLVTFE / O / -1 &

UMERGE USETDyFHLVIFY / FHAVTE / XAX/XLEX/XRX $

UMERGE USETLs FHAVTF » PHEVUT / FHIWTF /7 XDX/XAX/XEX $

SDR1 USETDy yFHIVTF » » yGODyGMD'y »» » / FHIFHFss /7 1/XDYNAMICSX $

SDR2 CASEXXsCSTMyMPTsDITyEQDYNeSILIDy s s y LAMAY y FPHIFHF yEST y
XYCDORys /992 IES1es /AMMREIGX/S:NyNOSORT2 $

ENDALTER
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CHANGE NAME=FRDZR
NUMBER SEQ1=70sNEWL=71y INCR=19 INSERT=YES

COMMON FRD2BC IS INITIALIZED RY ROUTINE FRRD2.

COMMON /FRDZRC/ IH
NUMBRER SEQ1=410sNEW1=411rINCR=1yINSERT=YES

IF IH=0y USE COMFLEX DOURLE FRECISION ARITHMETIC.

IF (IH .EQ. 0) ITY = 4

NUMBER SEQL1=500yNEW1=510y INCR=1s INSERT=YES
CALL MAKMCR(MLyOUTy IROW»IFOLITY)

DELETE SEQ1=510,SEQ2=510

CHANGE NAME=FRI2C

NUMBER SEQ1=120yNEW1=121»INCR=1» INSERT=YES

COMMON FRD2BRC IS INITIALIZEI' RY ROUTINE FRRDZ2.

COMMON /FRDO2BC/ IH
NUMEBER SEQ1=240+,NEW1=241yINCR=1y INSERT=YES

IF IH=0s USE COMFLEX DOURLE FRECISION ARITHMETIC.

IF ¢IH .EQ. O0) IOUT = 4
NUMEBER SEQ1=370yNEW1=371yINCR=1y INSERT=YES

TF [H=0y THEN D0 NOT USE INCORE CAFARILITIES BRECAUSE FOR IH=0
COMFLEX DOQUERLE FPRECISION ARITHMETIC WILL BE REQUESTEL
AND SURROUTINE INCORE CALLEDR BRY FRD2C IS WRITTEN ONLY
FOR COMFLEX SINGLE FRECISION MATRICES.

IF (1H .EQ. 0) GO TO 102
NUMBRER SEQ1=1070yNEW1=1071yINCR=1y INSERT=YES

IF IH=0y USE COMFLEX DOUBRLE FRECISION ARITHMETIC.
F (iR .EQ. 0) IOUT = 4
CHANGE NAME=FRRID2
NUMRBEKR SEQL=270yNEW1=271» INCR=1s INSERT=YES
COMMON FRIZRC WYLL RE USED RY ROUTINES FRDZE AND FRDZ2C.

COMMON /FRD2RC/ TH
NUMRER SEQ1=440yNEW1 =441y INCR=1» INSERT=YES

LF QHHL I8 PURGED AND MACH NUMBER IS NEGATIVE THEN
SOLVE THE COUPLED EQUATION = (-WxXx2.M + IW.E + K)U = F
USING COMFLEX DOUBLE FRECISION ARITHMETIC.

VUARIARBLE TH WILL RE USED TO CONTROL SOLUTION LOGIC IN
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ROUTINES FRRD2y FRD2R AND FRD2C. OF POOR QUALITY

IF (MCRBC(1).LE.O .AND. M.LT.0.0) NONCUF = 1

C
+/ NUMBER SEQ1=720sNEW1=721»INCR=1yINSERT=YES

oo

IF IH=0y THEN DO NOT USE INCORE CAFABILITIES RECAUSE FOR IH=0
COMH! EX DOUBLE FRECISION ARITHMETIC WILL BE REQUESTED
AND SUBROUTINE INCORE CALLEDN RY FRD2C IS WRITTEN ONLY
FOR COMPLEX SINGLE FRECISION MATRICES.

IF (IH +EQ. 0) GO TO 20

«/ NUMBER SEQ1=1210sNEW1=1211yINCR=1» INSERT=YES

cooooOoOn

IF IH = Oy THEN CREATE NULL TRAILERS FOR SCR2(QHR) AND SCR3I(QHI).
THESE DATA BLOCKS ARE NORMALLY GENERATED' BY FRD2A IF
IH IS NOT EQUAL TO ZERO EACH TIME THRU THE LOOF ON
NFREQ IN THIS ROUTINE. SINCE FRD2A IS NOT EXECUTELD IF
IH EQUALS ZERO THEN AFTER THE FIRST FASS THE TRAILERS
FOR SCR2 AND SCR3 WOULD RE INCORRECT SINCE SCR2 AND
SCR3 ARE ALSO USER RY FRD2C AS SCRATCH DATA SETS.

IF (IH +NE. 0) GO TO 38
CALL MAKMCH(MCEsSCR2,050+0)
CALL WRTTRL(MCER)

MCH(1) = SCR3

CALL WRTTRL(MCR)

38 CONTINUE

C

+/ NUMBER SEQ1=1480yNEW1=1481yINCR=1y INSERT=YES

ocOoooOOoO oo

210

CREATE A FSEUDO FRL DATA BLOCK ON SCR1 FROM DATA BLOCK FOL FOR
INPUT TO ROUTINE FRD2F. (NO TRAILER IS NECESSARY).

THE FREQUENCIES FROM FOL HAVE EREEN READ INTO IZ(1) DURING THE
SET-UF AT THE REGINING OF THIS ROUTINE. THESE FREQUENCIES MUST
RE CONVERTEI' TO RADIAN FREQUENCIES FOR FRL (W = 2FI%XF).

CALL. GOFEN(SCR1»IZ(IRUF1)v1)

DO 210 I = 1sNFREQ

ZCI) = Z(I) % TWOPRI

CONTINUE

CALL WRITE(SCR1sZyNFREQs1)

CaLl. CLOSE(SCR1»1)

CALL FRD2F(MHHy BHHy KHHy SCR1» 1y NLOAD'Y NFREQ» FHFy UHVF)

«/ DNELETE SEQ1=1490ySERQ2=1490
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ORIGINAL PAGE 13
y OF POOR QUALITY

/1 3 5 7

t—— 10 ——pf

nd 40

Young's Modulus = 1E8 FL >
Poisson's Ratio = 0.4
Material Demsity = B8E-4 FL “12
A
1.0 R
Base Acceleration
. -2
zl’ LT
0.0 +
0 1 500

Frequency f, T

Base Acceleration Input for Figures 1 and 7

Figure 2. Example 1
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ORIGINAL PAGE 19
OF POOR QUALITY

— &
m, = 2 f M2
c 1 -1_2
k m, = 8 FL T
y, k = 4 FL”L
¢ = 0.6 F.lr
1
777777777777777777777
$
1. ——
Base Acceleration
[ ‘2
yl’ LT
—— >
0-0%0 . 0.3

Frequency f, T

Base Acceleration Input for Figures 4 and 5

Base Acceleration
. ~2
¥y LT

0 .
0.0 4.0 >

Time t, T

Base Acceleration Input for Figure 6

Figure 3. Example 2
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Figure 4. Acceleration Response of Mass m, of Example 2 (Figure 3), Frequency Response
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A NASTRAN DMAP PROCEDURE FOR CALCULATION OF BASE
EXCITATION MODAL PARTICIPATION FACTORS

by

wWilliam R, Case
Instrument Systems Branch
Instrument Division
Goddard Space Flight Center
Greenbelt, Maryland

SUMMARY

A common analysis procedure at the Goddard Space Flight Center is to analyze a
structure to predict responses that will occur during a sinusoidal or random
vibration test in which a predetermined motion is input by the shaker at the
shaker/structure interface. Often the loads produced in these tests are a
contrclling factor in the design of the structure. The response analyses are
generally performed in two stages: a modal analysis to determine the undamped
eigenvalues and eigenvectors of the structure "cantilevered" at the interface
where the structure will attach to the shaker, followed by a subsequent steady
state frequency response analysis using the modal information. The output of the
modal analysis, while giving information that is useful in comparing with the

" eigenvalues and eigenvectors obtained in the test, does not give a sufficiently

clear indication of which eigenvectors will be important contributors in the
subsequent frequency response analysis. The reason for this is that the
vibration test loading is really a distributed inertial loading on the whole
structure known in terms of the input acceleration as opposed to some known force
at a given location in other forced response analyses.

By using the eigenvector data obtained in the normal mode analyses, a modal
participation factor can be calculated which gives a clear indication of the
relative importance of each calculated mode in terms of its response to any base
acceleration input. This factor, like the generalized mass or generalized stiff-
ness already calculated in NASTRAN, is a property of the structure. 1In addition,
however, it is also a property of the base excitation.

This paper presents a technique for calculating the modal participation factors
for base excitation problems usiig a DMAP alter to the NASTRAN real eigenvalue

~analysis Rigid Format. The DMAP program automates the generation of the

"seismic" mass to add to the degrees of freedom representing the shaker input

~directions and calculates the modal participation factors. These are shown in

s N
L“'W R

the paper to be a good measure of the maximum acceleration expected at any point
on the structure when the subsequent frequency response analysis is run.
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L ORIGINAL PAGE 19
INTRODUCTION OF POOR QUALITY

Structures that are analyzed to predict what their responses will be in a
vibration test quite often have one feature in common; namely that they are
rigidly attached to a vibration shaker at a number of interface degrees of
freedom. Such situation, therefore, can be analyzed by multi-point constraining
all of the interface degrees of freedom to any convenient single interface grid
point with specification of the shaker motion at this grid point. The shaker
motion, or base excitation, as it were, is then specified for a nonredundant set
of degrees of freedom (DOF) that can easily be identified on a NASTRAN SUPORT
bulk data card. In the following derivation of the base excitation medal
participation factors, it is assumed that the structure to be analyzed is to have
a base motion at a nonredundant set of DOF and that the interface DOF have been
constrained to this set of nonredundant DOF. In addition, the derivation is
restricted to systems with real eigenvectors.

DERIVATION OF MODAL PARTICIPATION FACTORS

To derive an equation for the modal participation factors due to base excitation
consider a general structural model, as shown in Figure 1. Presumably this
structure would be rigidly connected to the shaker at several points, denoted in
this example as 1 through 4. This situation can be simulated by creating some
central point, r, and connecting 1 through 4 to r via rigid elements. Then r is
a set of nonredundant DOF at which the shaker motion can be specified. The
equations of motion of this structure, using the displacement set notation of
NASTRAN, and ignoring damring for the moment, are *

M.}(}ﬂ.3 + K“llf P,_; (1)
Where"

¥ contains the loads necessary to drive the ¥V DOF by the specified base
motions' imparted by the shaker.

Following elimination of multi-point constraints (via MPC or rigid element cards),
single point constraints (SPC's) and DOF omitted via Guyan reduction (OMIT's),‘A
in equation (1) is reduced to t‘q_and the equations are

"MQL v+ K “\_k-~ PC\ )

aa

where .
U, i

u,:
u |

(3)

*Bold face letters will be used to designate matrices, including row and column
vectors,
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The ur DOF are identified on SUPORT bulk data cards ard u L are all remaining
DOF in \d,. Partitioning equation (2): :

i“u W \ [y WMy e
M, Mol K

A%}

, t (4)
Kolwi (P

where P,. are the forces exerted by the shaker on the structure and result in the
base motions u,. . The forces 'p are not known, a priori; rather the motions
{(accelerations, velocitjes or displacements) at the ¢ DOF are known. In this
context the forces in Ey are really forces of constraint which are necessary to
produce the desired base motion. Notice in equac.on (4) that there are no applied
loads for the § DOF. The situation being simulated here is one in which the
only excitation comes ahout due to the shaker driving the structure at the V> DOF.

The DOF uL can be considered to be made up to two terms:

uL E uc A ur (5)

where

u: displacements of the y DOF when the ' DOF are fixed

u; rigid body displacements of the { DOF dne to the ¥ DOF

Thus ut would be the displacement DOF for a structure that was “"cantilevered” or
fixed at the V' DOF. The displacements, “i at the .« DOF due to the V' DOF not
being fixed can be determined simply from geometric considerations and is

“r ' D\\‘ u ) (6)

~ where matrix Dlr is data block DM generated by module RBMG3 in NASTRAN whenever

!ﬂ(q PR WBRRPR e RN -

SUPORT bulk data cards defining the existence of * DOF is present, The columns of
01\" are rigid body displacements at tae { DOF due to a unit motion at one of the v
DOF. They are rigid body displacements due to the fact that the \* DOF are a
nonredundant set. Substituting (5) and (6) into (4) the two makrix equations for
the unknowns u: are P\ (since {J is known) are

MM ut ' “{\ ui *(M,&\ D\v t nlr) u\‘ (7)
pt* . Muui + K!L‘ru; t (M.\ro.\v‘ Mrr)ur (8)
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where use of the fact that

K”': K:V‘ K;‘L Klr
Di‘f T K;‘L K)\-

and thus

K., D,+:K_ = 0 (9)

v

has been made. This is discussed in the NASTRAN Theoretical Manual, Reference 1.
Equation (7) is the well known form for base acceleration input where the problem
is solved for the motions QAT as if the base were fixed but with an equivalent
inertia loading on each of the DOF that is the rigid tody inertia force due to
the base moving. Equation (8) merely solves for the forces required to drive the
base at the specified motion. A better form for Pr results if equations (9) and
(7) are used to eliminate the stiffness term in (8). The result is

Pr - ( Mlibi'r ' Mir\l ui I' M u (10)
where

M, - DMD DM + MD M

rr Ae T A ir v rr

is the rigid body mass matrix of the structure relative to the SUPORT DOF and is
data block MR generated by NASTRAN in module RBMG4 when SUPORT bulk data cards are
used. Equation (7) can be diagonalized with a modal transformation using the
"cantilevered” modes of the structure (that is, the modes of the structure when
constrained &t the v DOF). Define

1
o '
¢I = | eigenvector of structure when constrained at v DOF.

%,

Then the modal transformation is

L*' 41 *" | = matrix whose columns are eigenvectors, 1
L 1 i °

(12)
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where gn is a vector of modal DOF §‘, (i =1, 2,...n) with h being the number of
modes used in the dynamic analysis. Substituting (12) into (7) and
premultiplying by if the result is

tn

o T o
m"“g“ \ Lnns\\ -7 Im(MuDN" ﬂ}\r) ur (13)

- |
mm\ - &)H\ M”_ §-1\\ (14)

* and

.
&m\ - E&\\ KM im (15)

_are beth diagonal matrices with m“.\ containing the generalized masses (denoted

“as M; ) and km\the generalized stiffnesses (denoted as k; ) of the
. . cantilevered modes.

:;with the addition of damping, each individual modal equation in equation (13) is,

© i after dividing through by the generalized mass:

-

ke Ay

.,

-~

.
+“ [}

T
T L '_ . . \ {
s s s - g MDe M) UL e

The damping factor, 0) , is specified through use of the TABDMP bulk data card.
L

Define

T

£ o4 Mo m)

X I Ry

i
* The row matrix "’r contains as many terms as there are DOF identified on the
" SUPORT card, that is, those that will be given a known motion from the shaker.

~; Each term in .'-"r is identified as being a modal participation factor since the

®

-

-

W P v ke g
[
5
!
c:
3
)

solution tc equation (16) for some speciiied base motion at one DOF will be
_ proportional to the corresponding term in .G’
‘ r

> " As an example of this consider the situation when the base motion is a steady

" state sinusoidal input at some resonant frequency (-;j with an acceleration

* (complex) magnitude gj . In this case:
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The solution to equation (16) for the modal acceleration §. is
A

! ot

§ - 3¢

{
where

4({;@-\ ﬁﬁ (18)

and

Y . LN}

is the modal amplification in mode }. Equation (18) indicates the modal
acceleration is, of course, lagging the base acceleraticn input by 90 degrees.

The significance of the modal participation factors in -*: is evident from
equation (18). At resonance, the modal acceleration magnitude is equal to the
product of the modal amplification, the participation factor and the magnitude of
the input shaker acceleration. For systems with relatively small damping, the
magnitude of the accelerations at grid points throughout the structure can be
approximated by a single mode response (the resonating mode) so that, for example,
using only one mode in equation (12)

S e . P
W ey o= ‘ <.

R
ST N SRe (19)
- X r ) r
The modal participation factors, together with the eigenvectors calculated in a
real eigenvalue analysis can therefore be used to obtain estimates of what the
magnitude of the grid point accelerations will be in a subsequent forced base
response analysis. The modal participation factors can be easily calculated
during the real eigenvalue analysis run (in Rigid Format 3, for example). A
matrix of all participation factors for all modes is:

F.oo {",l\ om, i;( MD M ] (20)

Ny

)
That is, each row of FM_ is an “' ~ (the participation factors for one mode).
Each column of F . gives the participation factors for all modes for one DOF of
base acceleration. For example, column 1 of ':my contains the participation
factors for base acceleration in the first DOF entered on the SUPORT card.
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The modal participation factors can be used to easily calculate what is commonly
referred to as modal mass. Consider equation (10) for the base loads (the shaker
forces required to produce {Ay ). Using the modal transformation in equation (12)
the loads Fﬂ_ in equation (10) can be written as

P. - %p" ' Mrrﬁr (21)

Pi - Mo, MM.\T t) §J

) Py
Using equation (18), the complex amplitude of " is "r where
r

-— A"t
P - P

Y
i T 4; ; 7
Pr(w:‘) = A (Hnbxﬁ"u) ‘; 'G: QK
Using equation (17):
) o T4 ;T ™
Pr(w1) ) "(MnD&**M“‘\* 7:?3 4} (Muoer'M;r)Qi U
Mo G
T

W, - (MY Mg L ¢ (M

where

LEL W

i (23)

is the i‘k mode modal mass matrix, It is a square matrix of size v and from
equations (21) and (22) it is seen that its use is in determining the j% mode
contribution to the base forces (required shaker forces). For systems with small
damping the forces P at a resonance wW; would be approximately P: so that
equation (22) would give an approximation to the total forces. It is

interesting to note that if the sum of all modal mass matrices is denoted as

n .
2]
Zm, = W, (20)
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and if all of the eigenvectors are used (n=1) then:

M, (MD 4 M"\T Mg: (M“ ), M“) (25)

1B AY

If there are no masses at any of the ¥ set of D.O.F then

M - M (26)

Fr 143

That is, the sum of the modal masses is the rigid body mass matrix (data block MR
from module RBMG4) when all masses are at the v set of DOF. Thus, modal masses
can be calculated in a real eigenvalue analysis and can be used to estimate how
many modes will have to be used in the subsequent base excitation dynamic analysis
to make sure a high percentage of the complete system mass is included (since
modal truncation, in effect, truncates mass). This would be useful in transient
analysis where the single mode response at resonance is not a valid approximation.
The modal mass matrix;;h‘ can easily be determined from the modal participa-
tion factors {.‘ . " From equations (17) and (23) it is seen that

r

) LT '
'SR S

DMAP ALTER DESCRIPTION

The DMAP Alter package for calculating the modal participation factors and modal
masses is described in detail in Appendix A. The calculations are done, of
course, in the real eigenvalue analysis NASTRAN Rigid Format and in particular in
either COSMIC Rigid Format 3 or MSC Rigid Formats 3 or 25. The description in
Appendix A is an alter package for MSC Rigid Format 25 or COSMIC Rigid Format 3.
However, calculation of the modal masses in the COSMIC version is not convenient
at this time due to a limitation in the COSMIC version of module DIAGONAL,

As recommended in the MSC documentation, Reference 2, base motion problems are
solved by putting all DOF wh h are to have a specified motion on SUPORT cards

and also connecting fictitious large masses to these DOF. If the large masses

are very large in comparison to the complete structure mass then, when a force is
applied to these DOF, their acceleration will be determined to be very nearly the
force divided by the large mass. Making the force equal to the large mass times
the desired acceleration at these DOF will then result in the NASTRAN solution for
these accelerations to be the desired base accelerations.

Thus, the first portion of the DMAP Alter automates the inclusion of the large

(seismic) masses at the DOF identified on SUPORT bulk data cards. The large mass
is taken as 10~ times the diagonal of the rigid body mass matrix (data
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block MR calculated in module RBMG4). The bulk data deck for the real eigenvalue
analysis with the DMAP Alter program should include SUPORT cards for the
nonredundant DOF at which base motion is desired, As mentioned previously, the
actual base DOF that are connected to the shaker are to be rigidly constrained to
some nonredundant set of DOF that are then included on SUPORT cards. (and not
single point constrained) to identify them as the base motion DOF.

The second part of the DMAP Alter calculates the matrix Fa,kwhich contains the
modal participation factors. These are printed out as matrix data block FNR.

The third.part of the DMAP alter calculates the diagonal terms of the modal mass
matrix vv » These can only be calculated in the MSC version since they require
1 feature in the DIAGONAL module (namely raising all elements of a matrix to a
power) not available in the COSMIC DIAGONAL module. The matrix which contains
the diagonal terms of hl‘_,_ is data block MJRR and row | of this matrix contains
the diagonal terms for mode j. This matrix is also printed out in terms of
percent of the corresponding mass in the rigid body mass matrix as matrix data
block MIJRRP. Addition of each column should give a value of 100 if all modes are
used and if there are no masses (other than the fictitious large mass) at the
set of DOF.

SAMPLE PROBLEM

Figure 2 shows a sample problem using the DMAP Alter for a beam which is to be
given a base motion at grid point 11. The aluminum beam is 2.54m (100 inches)
long with a,mass 05 9.1kg (beam weigh§7i§ 201b) Sectior properties for the beam
are: .0013m“(2.0in") area and 8.33X10 m (2.0in ) moment of inertia. The WOF which
are to be given base motion should be the higher numbered DOF in the problem to
avoid numerical problems with the large fictitious masses added to these DOF.
The fact that the sample problem initially has a nonredundant interface with the
shaker (at grid point 11) is of no consequence. As mentioned earlier, if the
interface where the structure is to be connected to the shaker is redundant, the
interface points can be rigidly connected to some one point that is then called
the base motion point.

Appendix B contains selected pages from the NASTRAN run for this sample problem
including the bulk data deck listing. The input data is seen to resemble any
real cigenvalue run for the beam cantilevered modes except that some of the DOF
at the cantilever point (grid point 11) are identified on a SUPORT bulk data card
instead of constrained., For the sample problem these were taken to be DOF 1, 3
and 5 signifying that these will be the DOF that would be given a base motion in
subsequent dynamic analyses. The remaining DOF at grid point 11 are constrained.

As mentioned previously, the DMAP Alter automates the inclusion of the large
fictitious masses at the DOF identified in the ¥ set. The values of these masses
are contained in matrix data block MAAB output in the DEAP Alter and included in
Appendix B. As seen from MAAB, the large masses are 10 times the rigid body
masses output from the grid point weight generator (taking into account the latter
is in weight units and MAAB is in mass units).
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The eigenvalues for the sample problem are included in Appendix B. The first
three are rigid body modes due to the three DOF on the SUFORT card. The remaining
modes are those that would have been found if the SUPORT DOF had been constrained
instead. This is due to the fact that large masses are connected to the SUPORT
DOF in order that the elastic modes will be the same as if these DOF were con-
strained. Several of the modes are shown on Figure 3.

The modal participation factors are shown in Appendix B as the matrix data block
FNR. These are also shown in Table 1, Each column in the table is a column of
and there are 3 columns; one each for the SUPORT DOF. Each row in the table nr
shows the terms in FM. (which are the rows -f-‘ ) which are the participation
factors for the mode corresponding to that row of the table.

The second column of Table 1 gives the participation factors for base motion in
DOF 3 at grid point 11; namely lateral shaker motion. From Table 1 it is seen
that mode 1, with a frequency of 10.9%hz, has a participation factor of 1.56 while
mode 5 does not contribute at all. This is dve to the fact that mode 5, as seen
from Figqure 3 is an uncoupled longitudinal mode of the beam and could have been so
identified by visual inspection of *he mode shapes for this simple beam problem.
For more complicated structures the participation factors are more helpful in
identifying significant modes for various base excitations than the visual
inspection of the eigenvector data.

The use of the participation factors in estimating grid point accelerations that
would be found in a steady state sinusoidal shaker simulation is demonstrated on
Figure 4. The figure shows comparison o. data from an actual frequency response
run using Rigid Format 8 along with the estimated accelerations based on the
modal participation factors in table 1.

The solid line is thae acceleration at the beam tip as a function of the shaker
frequency, , with an input acceleration in the Z lateral direction of 1,5g's at
grid point 11. The simple calculation using the participation factors and a
single mode respornse with equation (19) gives acceleration magnitudes indicated
by the data points on Figure 4. The good agreement shows the value of knowing
the participation factors when the modal analysis is run rather than waiting to
determine the frequency response in a later run., The data point for the 490.6hz
mode on Figure 4 is not a mode in resonance since the 490.6 mode is a lonai-
tudinal mode and the base response in the example is lateral.

The output in Appendix B also shows the diagonals of the modal mass matrices"n,,
as output matrix MJRR. Expressed as a percent of he corresponding mass term in
the complete structure rigid body mass matrix, ﬁ‘,w the result is output matrix
MIRRP. As mentioned previously, .t there are no masses at the DOF (other than
the fictitious large mass put there for use calculating the participation
factors) and if all modes of the structure are used, the columns of MIRRP should
add to 100, Table 2 ghows the terms from MIJRRP, As with the modal participation
factors these also clearly indicate which modes are significant in terms of base
moction in certain directions. For general base excitation problems, the data
from MJRRP is useful in identifying significant modes to be included in the
analysis. The columns of Table 2 do not add up to 100 percent for base motion
DOF 1 or 3 since the set did have mass. The beams' mass was distributed to all
eleven grid points so that the end grid points (1 and 11) each have 5 percent of
the total.

122



CONCIIJSICNS

Knowledge of the modal participaticn factors for base motion can ke useful in
determining the significant modes tv be used in forced base motion problems.
Obtaining the participation factors when the wodal analysis is ru-, allows
estimates to be made of the subsequent ~tricture responses to th: . se motion
prior to running the base motion dynamic ana'ysis. The participation factors use
for steady state base motion f quency response aralyses was dumonstrated;
however they are equally as valid fer transient anelysis.

REFERENCES
1. The NASTRAN Theoretical Manual (Level 17.5), NASA §F-221(05), December 1978

2, MSC NASTRAN Applications Manual, MSR-32 (VAX), The MacNea!/Schwendler
Corporation, May/June 1981
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Mode

No.

LY TN« < B B - LR LI -

10
11
12
13
14
15
16
17
18
19
20
21

23

Frequency

(Hz)

10.94
67.82
188.0
364.5
490.6
595.9
878.2
1202.
1460.
1545.
1861.
2086.
2393,
3267.
4061.
4755.
5332.
5777.
6081.
6234.

Table 1

Modal Participation Factors
for Bea.n Problem

DOF-1

0.
0.
0.
0.
1.2706
0.
0.
0.
~-.4165

0.

0.
~-.2414
~.1632
L1171
-.0854
.0513
-.0414
.0240
-.0079

124

Modal Participation Factors From
for Base Acreleration at G.P.1! In:

DO¥F~3

1.5859
~-.844%

.4736
-.3137

.2161
-.1592
.137°

.1154
-.0806
-.0453

DOF~-5

-113.590
17.800
-6.124

2.922



iode
No.

~N 0

o

10
11
12
13
14
15
16
17
18
19
20
21
22
23

Totals

DOF-1

0.

0.

80.724
0.

0.

8.6749

0.

0.

0.

2.9142

1.3315
.6854
. 3647
.1878
.0858
.0288
-0031

95.0002

Table 2

Modal Masses
for Beam Problem

Diagonals of Modal Mass Matrices*
for Base Acceleration at G.P.11 In:

DOF-3 DOF~5
61.073 97.030
18.854 2.4995

6.4685 .3228

3.3013 . 0856

0. C.

1.9882 . 0321

1.3149 .G149

.9087 .0078

0. 0.

.6166 . 0044
.3585 .0022
.1171 . 0007

0. 0.

0. 0]

0. 0

0. 0.

0. 0

0. 0.

0. 0

0. 0.
95.0008 100.000

*Expressed as percent of total rigid body mass of structure.
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Note: Points 1-4 Are Actual
Structure/Shaker Rigid
Interface Points,

Simulated by Single Point r

Figure 1

General Base Excitation Problem

Gt ot ———
1 100 9 8 7 6 5 4 3 1
(v)

Figure 2

Sample Beam Problem
With Base Excitation At Grid Point 11
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Mode 1
Rigid Body x Translation

e R s

Mode 3
Rigid Body y Rotation

Mode 5
2nd Bending, 67.82hz

Mode 7
4th Bending, 364.5hz

-~ = = = - Undeformed
Deformed

Mode 2
Rigid Body z Translatiaon

_— e e wm eee e e me e e

Mode 4
1st Bending, 10.94hz

Mode 6
3rd Bending, 188.0hz

Mode 8
1st Longitudinal, 490.6hz

T S S ——

—

Figure 3
Beam Mode Shapes
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100.

{

{Rigid Format 8)

!
'
|

@ | Single Mode Approximation Using Modal

I
|
|
. i
1. 10. 100.

Frequency (hz)
Figure 4

Acceleration at G.P. 1 of Beam due to
1.5g Sinusoidal Base Acceleration at G.P. 11
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DMAP Alter for Determining Base Excitation Modal Participation Factors

ALTEK a1
PARAM
PARAMR
PARAMR
DIAGONAL

MPYAD
SOLVE
MATPRN
DIAGONAL
MPYAD
MATPRN
TRNSP
SOLVE
ADD
TRNSP
MATPRN
ENDALTER

(Real Eigenvalue Analysis Rigid Formats)

//C,N,NOP/V,N,T‘—‘-I $

//C,N,DIV/V ,N,GRAVO/C,N,1,0/V,Y,WTMASS=-1.0 §
//C,N,COMPLEX/V,N,OUTR/V,N,GRAVO/C,N,0.0/V,N,GRAV §
MR/MRD/C,N,SQUARE $

MRD, /WRD/V,N,GRAV  $

MRD, /MBASE/C,N, (1.E8,0.) §
UseT/CP/C,N,A/C,N,L/C,N,R §

+ + 1MBASE,CP, /MAAB/C,N,-1 §
GPL,USET,SIL,MAAB//C,N,A/C,N,A $
MAAB,MAA/MAAT S

MAAT ,MAA/T $

MR,MBASE/NEWMR $

NEWMR,MR/T $

PHIA, ,CP/PHIL,PHIR,,/C,N,1/C,N,2/C,N,2/C,N,2 $
,PHIL,MI,LAMA,,,, ,CASECC/MGNN, ,KGNN, PHILN/C,N,-1/C,N,~0/
C,Y,LFREQ=.000001/C,Y,HFREQ=1.E20/C,N,-1/C,N,-1/C,N,-1/
V,N,NOCUP/V,N,FMODE $

MGNN, /WGNN/V,N,GRAV $

MLL,DM,MLR/ML3/C,N,0/C,N,1/C,N,0/C,N,2 $ -
ML3,/WL3/V,N,GRAV $ H
PHILN,WL3, /FNRO/C,N,1/C,N,1/C,N,0/C,N,2 $ s
WGNN,FNRO/FNR/C,N,1 §$
FNR,,,.// §
FNR/MJRRO/C,N,WHOLE/C,N,2,0 $
WGNN, MIRRO, /MJRR  $ .
MJIRR,,,, $§ 5
MIRR/MJRRT $
WRD,MJRRT/MJRRDT/C,N,1 $ .
MJRRDT, /MJRRPT/C,N, (100.,0.) $ :
MJRRPT/MJRRP $

MIRRP,,,,// $

3
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OF POOR QUALITY Explanation of DMAP Alter Statements

I. Generation of Large Masses for SUPORT Points for Base Motion Analyses

1. DMAP statements 2 through 14 are inserted after module RBMG4
has run. For COSMIC Rigid Format 3 (April 1982 version) the
Alter is at a_,= 69 and for MSC Rigid Format 25 (Dec. 1981,
version 61B) a is 140.
2-4, PARAM modules set the values of several parameters to be used.
Parameter GRAV is the inverse of the reqular WTMASS parameter.

5. DIAGONAL extracts the diagonal of the rigid body mass matrix,
MR ( M, in equation (11)) and calls the result matrix data
block MRD.

6. Matrix data block WRD is MRD multiplied by parameter
GRAV=1/WTMASS so that WRD is generally in weight units if a
PARAM WTMASS card is used in the bulk data.

7. Matrix data block MBASE is 108 times MRD. These give the
large fictitious masses which are put or the r DOF for base
motion problems.

8-9. Module MERGE, using partitioning vector CP generated in module
VEC, expands the large fictitious mass matrix, MBASE, up to
full "a" set size. Output matrix MAAB has the large fictitious
masses for the r DOF but in a matrix of "a" size.

10. The large masses are printed out and can be seen to only exist
at the r DOF.

11-12., The large masses are added to the normal mass matrix MAA and
the result equivalenced back to MAA so that when MAA is called
for in later modules the sum of the normal MAA and the large
masses MAAB will be used.

13-14. The real eigenvalue analysis module, READ, uses the rigid body
mass matrix, MR, when there are SUPORT DOF. Since the large
masses were added at the r DOF, the sum of the MR (from the
finite element model) and the large masses (in MBASE) is to be
used for MR in module READ.

II. Generation of Modal Participation Factors

15. Following module READ and the output of the eigenvalues and
eigenvalue analysis summary, the statements 16 through 23 are
inserted for calculation of the modal participation factors. For
COSMIC Rigid Format 3 (April 1982) the alter is at a, =77 and for

MSC Rigid Format 25 (Dec. 1981 version 613) a, is 146.
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16-17.

18.

19-20.

21-23.

ORIGINAL PAGE 15
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Module PARTN extracts the eigenvectors for the % DOF and module
GKAM extracts from this the elastic (W>¢ ) eigenvectors. The
result is called PHILN and is matrix @@, used in equation
(12). Matrix data block MGNN is the matrix of generalized
masses, “nhn, in equation (14).

Convert MGNN to weight units if a PARAM WTMASS bulk data card
is present,

Calculate("ulhfr'q")and call the result matrix data block
ML3. Note ‘that matrix data block DM is matrix tkr. Matrix
data block WL3 is ML3 in weight units if PARAM WTMASS is
present in pulk data.

A W
Calculate FN‘ = m\\n ™ (Mil Dﬁv ¥ Mk\" )

and print out | <4 the matrix of modal participation factors.
ny

III. Statements 24 through 31 calculate and print the modal masses. These
cannot currently be calculated in COSMIC NASTRAN cince the COSMIC version
of module DIAGONAL does not have a feature which allows calculation of a
matrix which contains the terms of some input matrix raised to some
specified power.

24,

25-26.

27-31.

Module DIAGONAL czlculates a matrix, MJRRO, whose terms are the
squares of the terms in the modal participation factor matrix,
FNR.

By multiplying MJRRO by the generalized mass (or weight) matrix
the diagonal terms of the modal mass gﬁtrices are obtained.
Matrix Mgﬁn is so arranged that jits j row is the diagonal

of the j modal mass matrix, ‘“\‘ , in equation (27). This
matrix is printed out. fr

The modal mass terms are divided by the corresponding rigid
bodv mass terms for the complete structure and multiplied by
10¢. The resulting matrix, MJRRP, is printed out and gives the
diagonals of the modal masses (in the rows of MJRRP) in percent
of the rigid body mass. If there are no masses (other than the
large fictitious masses) at the r DOF then the columns of MJRRP
should add to 100 if all meodes are used.
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FEBRUARY 15. 1983 NASTRAN 12/ 1/81% PAGE 1
NASTRAN EXECUTIVE CONTROL DECK ECHO
o0
"D
1D TEST.DMAPBASE 2]
APP DIS/ %
soL 25.0
TIME 2 or
DIAG B8, 14 O
ALTER 140 cP
PARAM //C.N.NOP/V.N,T=-1 § > ﬁ%
PARAMR  //C.N.DIV/V,N.GRAVO/C.N,1.0/V.Y WTMASS=-1.0 $ [
PARAMR //C.N,COMPLEX/V.N,OUTR/V,N,GRAVO/C.N,0.0/V.N,GRAV § ia
DIAGONAL MR/MRD/C.N,SQUARE $
ADD MRD./WRD/V.N.GRAV §
ADD MRD./MBASE/C.N.(1.E8,0.) $
VEC USET/CP/C.N.A/C,N.L/C,N.R $
MERGE , ...MBASE.CP,/MAAB/C.N. -1 §
MATGPR  GPL,USET,SIL,MAAB//C,N.R/C,N,R $
ADD MAAR MAA/MAAT $
EQUIV MAAT MAA/T $
ADD MR.MBASE/NEWMR §
EQUIV NEWMR ,MR/T $
ALTER 146
PARTN PHIA,.CP/PHIL,PHIR,,/C,N,1/C.N.2/C.N.2/C.N,2 %
GKAM, .PHIL.MI LAMA,,...CASECC/MGNN, ,KGNN,PHILN/C .N,-1/C.N.0/
C.Y.LFREQ=.000001/C,Y HFREQ=1.E20/C.N,-{/C ,N,-1,C,N, -1/
V.N.NOCUP/V ,N,FMODE §
ADD MGNN, /WGNN/V . N,GRAV §
MPYAD MLL .OM MLR/ML3/C ,N,O/C,N,1/C,N,O/C.N.2 §
ADD ML3,/WL3/V.N,GRAV $

MPYAD PHILN,WL3,/FNRO/C,N.1/C.N,1/C.,N,O/C.N,2 $
SOLVE WGNN, FNRO/FNR/C, N, 1  $

MATPRN FNR,,..// $

DIAGONAL FNR/MJURRO/C,N . WHOLE/C,N,2.0 $

MPYAD WGNN,MJURRO, /MURR  §

g

MATPRN MJRR..,, $

TRNSP MURR/MURRT $

SOLVE WRD ,MURKT/MURRDT/C.N,1 § E
ADD MJURRDT, /MJURRPT/C.N.{(100.,0.) $

TRNSP MJURRPT/MURRP § 5
MATPRN  MURRP,...// $ a
ENDALTER /]
CEND
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TEST OF DMAP PROGRAM TO GEN.MODAL PART FACTORS FOR BASE ACCEL. FEBERUARY 1%, 1983

CANTILEVERED BEAM
LONGITUDINAL AND LATERAL MODES

CASE CONTROL 0O ECK ECHEO

CARD
COUNT

1 TITLE = TEST OF DMAP PROGRAM TO GEM.MODAL PART FACTORS FOR BASE ACCEL

2 SUBTITLE = CANTILEVERED BEAM

3 LABEL = LONGITUDINAL AND LATERAL MODES

4 £CHO = UNSORT

5 METHOD = 1

[ QUTPUT

7 VECTOR = ALL

8 SPCF = ALL

9 BEGIN BULK

NASTRAN 12/ 1/81

PAGE

Olo
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TEST OF DMAP PROGRAM. TO GEN.MODAL PART _FACTORS FOR BASE ACCEL. FEBRUARY {5, 1983 NASTRAN 12/ 1/81 PAGE
CANTILEVERED BEAM

LONGITUDINAL AND LATERAL MODES
INPUT BULK DATA DECK ECHDO

. ) 2 .. 3 .. 4 .. 5 .. 6 .. 7 .. 8 .. g .. 10
GRDSET 246

GRID

GRID

GRID

GRID

GRID

GRID

GRID

GRiD

GRID

GRTD

GRID

BAROR
CBAR

CBAR

CBAR

CBAR

CBAR

CBAR

CBAR

CBAR

CBAR

CBAR

PBAR

MAT t

SUPORT 11
ASET1H THRU
EIGR 1 GIv 23 23 t.-4 +E2
+E2 MAX

PARAM GRDPNT 11

PARAM WTMASS .002591

ENDDATA

- e @D@BNOPNEWN =
[3.)
(o]
©0000000000

-0
5
000000000000

N2@QAONACBWN -
-Q

-_-~ s PDONONSLEWN =
ok b b b b ok ok b b b b

o
&

W ¢+

nmo
wo
on
-0

-
w
-
-
-

ALIYNO ¥OO0d 40

INPUT BULK DATA CARD COUNT = 32

TOTAL COUNT= 32
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TEST OF DMAP PROGRAM TO GEN.MODAL PART.FACTORS FOR BASE ACCEL. FEBRUARY 15. 1983 NASTRAN 12/ 1/81
CANTILEVERED BEAM
LONGITUDINAL AND LATERAL MODES
OUTPUT FROM GRID POINT WEIGHT GENERATOR
REFERENCE POINT = "
™ 0
* 2.000000E+O? 0.000000E+QQ ©0.000CCOE+O0 ©.00C000E+O0 O.000000E400 O.000OOOE400 *
* 0.000000E+00 2.000000E+O1 ©0.00OC0OE+00 0.0O00OOE+Q0 0O.000000E+00 1.000000E+03 *
* 0.000000E+00 O.OOCOOOE+00 2.000000E+01 ©0.00QOCOE+Q0 -1.00Q000E+O3 O.000000E+Q0 *
* 0.000000E+00 0.000000E+00 ©0.000C00E+Q0 ©.000000E+O0 ©O.00000OE+00 O.Q0000OE+00 *
* ©0.000000E+O0 0.000000E+00 -1.000000E+03 ©0.000000E+00 6.70C001E+04 O.000000E+00 *
* 0.000000E+00 1.00000CE+03 ©.000000E+00 ©0.0O00O0OE+O0 ©O.000000E+00 €.700001E4+04 *
S
* 1.000000E+00 ©.0000C0E+Q0 O.OOCOCOE+CO *
* 0.000000E+00 1.000000E+00 ©.OOOOOOE+00 *
* 0.00C0Q0E+00 ©.0ONCOOE+00 1.0QO00OE+00 *
DIRECTION
MASS AXIS SYSTEM (S) MASS X-C.G. Y-C.G. 2-C.G.
X 2.0000C0E+01 0.000000E+00  O.000000E+00 O.0COOOOOE+00
M 2.0000C0E+01 S.O00000E+01  0.000000E+00  0.000000E+Q0
z 2.000000E+0 1 S.00000CE+0O1 O.000000E+0C0  O.0OO00OE+00
1(s)
* O.0DOODOE+0O0C 0.0000Q0E+Q0 ©O.O00QCOE+00 *
* 0.00CCOOE+00 1.700000€+404 O.00000OE+00 *
* 0.000000€+00 ©.COCOOOE+00 ¢.700000E+04 *
o 1{Q)
! * ©0.00000OE+00 *
. 1. 700000E+04 N
* 1.7000C0E+04 * g

Q
0.Q0CIO00E+QO
1 . OOO000E+O0
0.0000QQE+Q0

0.000000E+0Q0 *
0.000000E+00 *
1.000C00E+00 *

* 1.000000E+00
0. 000000t +00
*  0.000000E+00
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TEST OF DMAP PROGRAM TO GEN

MODAL PART.FACTORS FOR BASE ACCEL. FEBRUARY 22, 1983 NASTRAN 12/ 1/81 PAGE 10
CANTILEVERED BEAM
LONGITUDINAL AND LATERAL MODES
MAAB
POINT VALUE POINT VALUE POINT VALUE PGINT VALUE POINT VALUE
COLUMNS 1 ¢ 1-T1) THRU 20 10-T3) ARE NuLL. ’
COLUMN 21 ( 11-T1).
1 T! S 182008406
COLUMN 22 ( 11-T3}.
11 T3 S.18200E+06
COLUMN 23 ( 11-R2).

11 R2 1.73%97E+10
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TEST OF DMAP PROGRAM TO GEN.MODAL PART .FACTORS FOR BASE ACCEL.

CANTILEVERED BEAM

LONGITUDINAL AND LATERAL MODES

MODE
NO .

WONINLWN -

LET
n
[+]

RS A e son il T

EXTRACTION
ORDER

-t BNDAONAPONW2ON2=2000

REAL
EIGENVALUE RADIANS

.0 0.0

.0 0.0

.0 0.0
.727787E+03 6.875890E+01
.815695E+05 4.261097E+02
.395168E+06 1.181172E+03
.246433E+06 2.290509E+03
.503404E+06 2.0B2758E+03
.401962E+07 3.744278E+0]
.044624E+07 S$.5178141E+03
. 704086E+07 7.552540€+03
.413236E+07 9.172369E+03
.420654E+07 9.706006E+03
. 367 145E+08 1. 1602250E+04
.T17434E+08 1.310509E+04
.260851E+08 1.503613E+04
.214662E+08 2.052964E+04
.5 11505€E+08 2.551765€+04
.926549E+08 2.98773TE+Q4
. 122339E+09 3.35017.3€E+04
.31772CE+09 3.630042E+04
.-+S9€TIE+09 3.820567E+04
.534302E+09 3.917017€+04
. - D e o faw f - R -

ODONUIBLWNN= 4 v adUPBWLaN-000

FEBRUARY

EIGENVALUES

CYCLES

-0

.0

.G

.094332€E+01
.TB1746E+01
.879894E+02
.645459E+02
.806363€E+02
.959203E+02
.781869E+02
.202024€+03
.459828E+0)
.S544752E+03
.860919E+03
.0B5740€£+03
. 393074E+03
.267394E+03
.06 1260E+02
.755125E+03
.331802E+03
.TTTIVIE+DI
.080621E+03
.234125E+403

15, 1983 NASTRAN 12/ 1/81% PAGE
GENERALIZED GENERALIZED
MASS STIFFNESS
S . 182000E+06 0.0
S. *32000E+06 0.0
1.735970E+06 0.0
1.305586E-02 6. 172530E+01
1.369489E-02 2.486573€E+03
1.494427€-02 2 0B43977E+04
1.738694£-02 9.121943E+04
2.591000E-02 2.462332E+CS
2.205616€E-02 J3.092'89E+0S
2.686598E-02 8. 179684 +N5
2.504681E-02 1.428692E+0€
2.591000E-02 2.179870€E+06
2.398174E-02 2.259237E+06
2 .858839E-02 3 S08B4L4BE+CE
2.950574E-02 S.067415E+06
2.591000E-02 S.B85786SE+06
2.591000E-02 1.092019€+07
2.5% “000E-02 1.687131E+07
2.5981000E-02 2.312869E+07
2 .591CO0QE-02 2.907981E+07
2.591000E-02 J.414214E+07
2.591000E-02 3.782013E+07
2.591000E-02 3.975376E+07

it
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TEST OF DMAP PROGRAM TO GEN.MODAL PART .FACTORS FOR BASE ACCEL.
CANTILEVERED BEAM

LONGITUDINAL AND LATERAL MODES

FEBRUARY 15, 1983

NASTRAN 12/ t1/81 PAGE 13

0.00000+0C 0.700CD+00 O0.00000+00 -2.4142D-01 -1.6319D-01

MATRIX FNR (GINO NAME 101 ) IS A DB PREC 3 COLUMN X 20 ROW +.ZCTANG MATRIX.
COLUMN 1 ROWS S THRU 20 e imeeceeeeeceiascmmem—aeeaas
ROW
5) 1.2706D400 ©0.0000D+00 0.0000D+00 O.0000D+0C ~4.1E53D-01
15) 1.1708D-01 -8.5408D-02 6 12800-02 -4.1421D-02 2.4C068D-02 -7.8702D-03
COLUMN 2 ROWS 1 THRU 7 2
ROW

1) 1.55690+00 -8.4463D-01 4.7360C-0t -3.13670-01 0.00000+00
11) -8.0610D-02 -4.53390-02

2.1613D-0¢ -1.5926D-01

-1.58000+00 9.800%0-01

1.37120-01%

-7.37030-01

COLUMN 3 ROWS 1 THRU 12 s e e e
0w
1) -1.13590+02 1.78000+01 -5.12380+400 2.9231D+00 7.0000D+00
1) 3.66890-01 1.9869D-01
THE NUMBER OF NON-ZERO TERMS IN THE DENSEST COLUMN = 10

THE DENSITY DOF THIS MATRIX IS SO.00 PERCENT.

0.00000+00 1.15420-01

0.00000+00 -5.6180D-01

ALNvYNO ¥00d 10
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TEST OF DMAP PROGRAM TO GEN.MODAL PART.FACTORS FOR BASE ACCEL. FEBRUARY 15, 1982 NASTRAN 12/ 1/81 PAGE 14
CANTILEVERE!) BEAM

LONGITUDINAI. AND LATERAL MODES

MATRIX MURR (GIND NAME 101 ) IS A DB PREC 3 COLUMN X 20 ROW RECTANG MATRIX.
COLUMN 1 ROWS 5 THRU 20 Rt L bt Tt T TP
ROW
5) 1.614%0+01 0.00000+00 0.0000D+00 ©.0O00D*00 1.7350D+400 0.0000D+00 0.0000D0+00 0.0000D+00 5.8284D-01 2 6629D-01
15) 1.37090-01 7.294SD-02 3.7552D-02 1.71570-02 5.76380-03 6.19400-04
COLUMN 2 ROWS 1 THRU LT ettty
ROW
1) 1.22150401 3.77070+00 1.2937D+00 €.5026D-01 ©.00COD+00 3.9765D-O1 2.6298D-0Of 1.8174D-01 ©.00000400 1.2331D-0%
11) 7.4%97D0-02 2.3409D-02
COLUMN 3 ROWS 1 THRU 12 cmme e e
ROW
1) 6.5010D+04 1.6746D+03 2.1630D+02 5.73380+01 0.0000D+00C 2.1521D+01 9.9593D+00 5.2511D0+00 0.00000+00 2.92130+00
") 1.48520+00 4.4957D-01
THE NUMBER OF NON-ZERO TERMS IN THE DENSEST COLUMN = 10

THE DENSITY OF THIS MATRIX IS S0.00 PERCENT.

6€1
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TEST OF DMAP PROGRAM TO GEN MODAL PART.FACTORS FOR BASE ACCEL

CANTILEVEHED BEAM

LONGITUDIMAL AND LATERAL MODES

MATRIX MJURRP (GINO NAME 10t ) IS A DB
COLUMN 1 ROWS 5 THRU 20
ROW
S) 8.0724D+01 ©0.0C00D+00 O 0000D+00
15) 6.8%44D-01 3.6473D-0t 1 8776D-01
COLUMN 2 ROWS 1 THRU 12
ROW

1) 6 1073D+01 1.B854D+01 6 4685D+00
11) 3 5848D-01 1.1705D-01

COLUMN 3 ROWS 1 THRU 12
ROW
1) 9 7030D+01 2.4995D+00 3 2284L-01
1) 2.2168D-03 6.7100D-0C4

PREC

3 COLUMN X

FEBRUARY

20 ROW RECTANG

15, 1983

MATRIX

NASTRAN 12/

0.00000+00
B8.5786D-02

B8 6749D+00
2 8819D-~-02

0.0000D+00 0.0000D+00 0.0000D+00 2 81420400

3.0970D-03

1.98820+00

1

31430400 9 0871D-0O1

8 55800-02

THE NUMBER OF NON-ZERQO TERMS IN THE DENSEST COLUMN =

THE DENSITY QOF THIS MATRIX IS SO OO PERCENT

ont

iy ek ne #E ¥ b ki an o

O O000L+00

10

3 2121D-02

d

4885D-02

7 8375D-03

1/81 PAGE 15

1 3315D+00

O 0000D+00 6.1655D-01

O 0000D+00

4 36010-03

ALTVNO ¥00d 40
8! 30vd TYNIDINO
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FINITE ELEMENT ANALYSIS OF FLUID-FILLED
ELASTIC PIPING SYSTEMS
ORIGINAL PAGE 19

, OF POOR QUALITY b N84 15600

G.C. Everstine. M.S. Marcus, and A.J. Quezon
David W. Taylor Naval Ship R&D Center
Bethesda, Maryland 20084

Dedicated to thie Memory of James M. McKee (1942-1983)

. SUMMARY

Two finite element procedures are described for vredicting the dynanic response
of general 3-D fluid-filled elastic piping systems. The first approach, a low
frequency procedure, models each straight pipe or elbow as a sequence of beams. The
contained fluid is modeled as a separate coincident sequence of axial menbers (rods)
which are tied to the pipe in the lateral direction. The model includes the pipe
hoop strain correction to the fluid sound speed and the flexibility factor correction
to the elbow flexibility. The second modeling approach, an intermediate frequency
procedure, follows generally the original Zienkiewicz-Newton scheme for coupled
fluid-structure problems except that the velocity potential is used as the

~ fundamental fluid unknown to symmetrize the coefficient matrices. From comparisons

- of the beam model predictions to both experimental data and the 3-D model, the beam
I~ model is validated for frequencies up to about two-thirds of the lowest fluid-filled
lobar pipe mode., Accurate elbow flexibility factors are seen to be crucial for
effective beam modeling of piping systems.

DRSS

INTRODUCTION

The vibrations that occur in fluid-filled piping systems are c¢f interest in a
variety of industrial, aircraft, and shipboard applications. The interesting dynamic
behavior includes both water hammer (a transient phenanenon) and the steady-state
{(time~harmonic) vibrations caused by unbalanced rotating machinery such as pumps, for
example.

Over 30 years ago, Callaway, Tyzzer, and Hardy (Ref. 1) recognized in their
experimental wcrk the importance of the coupling between the vibrations of the liquid
and the pipe wall, even for nominally straight pipes. JSince then, a number of
investigators have proposed various techniques of mathematical modeling for design
and analysis purposes.

Most of these techniques have been restricted to straight pipes. Some recent
work, for example, was reported by El-Raheb (Ref. 2,3), who analyzed the acoustic
propagation in a perfect, finite length, fluid-filled, thin elastic cylindrical
shell. El-Raheb obtained eigenfunction expansions for Koiter's consistent shell
equations and the Helmholtz equation governing the fluid field.

There have also been sane finite element analyses of 2-D fluid cavities of

general shape (Ref. 4,5). These approaches, however, avoid the fluid-structure
coupling by requiring as input the impedance of the pipe wall.

141
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OF POOR QUALITY _
There has been relatively little fluid-structure interaction work involving

general 3-D piping systems containing joints such as elbows and tees. The first such
analyses were probably performed by Davidson, Swith, and Samsury (Ref. 6,7).

They recogniZed that & simplified beam model should suffice for the relatively low
frequencies which are often of interest. Low frequency dynamic behavior is charac-
terized by pipes which respond only in their beam (rather than lobar) modes a..u by
fluid wavelengths which are large compared to the pipe diameter. Thus, for such
situations, the fluid wave propagation through the pipes is essentially planar. This
procedure, although fully general in concept, was implemented in a special purpose
cumputer program limited as to the generality and size of problems which could be
handled.

The same assumptions formed the basis of a finite element procedure developed by
Howlett (Ref. 8) for aircraft hydraulic systems. This procedure modeled the fluid
inside the pipe as a beam having zero bending stiffness. Elbows and tees were not
modeled explicitly. Instead, campatibility at a joint (elbow or tee) was enforced as
an additionsl constraint requiring the conservation of fluid mass passing through the
Joint. Tre Howlett analyses, however, apparently omitted two essential ingredients:
(1) une correction to the fluid sound speed to account for the elasticity of the pipe
walls, and () the flexibility factor correction for the elbows to account for the
fact that curved pipes are considerably more flexible than straight pipes of the same
cross section (Ref. 9).

More recently, the transfer matrix approach was used by El-Raheb (Ref. 10)
to calculate the beam-type dynamic response of 3-D multiplane piping systems consist-
ing of straight sections and elbows. OUne of El-Raheb's conclusions was that the one-
dimensional acoustic assumption is valid for frequencies up to about one-half the
frequency of the lowest acoustic mode having two waves around the circumference
(n=2).

Schwirian and Karabin (Ref. 11) developed another finite element procedure which
was similar to Howlett's (Ref. 8) except that the fluid inside an elbow was
apparently modeled with a single straight axial menber ("spar" element) with
fictitious properties assigned to simulate properly the fluid mass and coapressi-
bility. This model also included the pipe hoop strain correction to the fluid sound
speed and the flexibiiity factor correction to the elbow flexibility. No experimen-
tal validation of the model was included in the paper.

One additional modeling procedure was formulated by Hatfield and Wiggert (Ref.
12). They used a transfer function approach involving separate analyses of liquid
and solid components, followed by synthesis of the component solutions. The scheue
was validated for planar piping systems by comparison with experimental data.

In general, beam wodels of fluid-filled elastic piping systems are very attrac-
tive because of their simplicity. Finite element approaches have the added feature
of allowing essentially arbitrary specification of geametry, boundary conditions,
loadings, and output requests. In addition, finite element models of piping systems
can easily be combined with models of the support structure.

In this paper, we will develop further the finite element approach for low fre-
quency predicticn by combining ideas from the papers just mentioned. Our model is
mathematically equivalent to the lavidson-Smith-Samsury model (Kef. 6,7), a non-
finite eleasent approach. Our modeling scheme is similar to those of Howlett (Ref. 8)
and Schwirian and Karabin (Ref. 11) except that we model elbows explicitly by a po-
lygonal set of beam elements for the pipe and axial members for the fluid. We will
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OF POOR QUALITY
also show the importance of assigning the correct flexibility factors to the elbows.
(In general, most classical ueans of calculating fiexibility factors are not adequate
for elbows with straight pipe extensions at the ends (Ref. 13,14)). The modeling
approach will be validated in two ways. First, for a simple planar system, campari-
sons will be made with both experimental data and a general 3-D finite element model
which models the pipe as a shell and the contained fluid with 3-D fluid finite
elements. Second, for a complex non-planar system, comparisons will be made between
a beam solution and a general 3-D finite element solution. Since the latter includes
the essential physics of the fully-coupled problem, it provides a good test for the
approx imate models.

The 3-D finice element solutions to be presented use the generally classical
procedures which 2volved from the work of Zienkiewicz and Newton (Ref. 15). In our
analyses, we make use of the recent improvement (Ref. 16) which shows how to obtain
symaetric matrix equations.

LOW FREQUENCY BEAM MODEL

For low frequency dynamic excitation of fluid-filled elastic piping systems, the
pipes respond only in their beam (rather than lobar) modes, and the wave propagation
in the fluid coluan is essentially planar. It is assuded either that the fluid is

~initially at rest, or that the average flow speed is so swmall compared to the sound

speed that the acoustic response is unaffected. The fluid-structure coupling is
assumed to occur only at pipe bends and other joints., Thus, the fluid is allowed to

" slide without friction in straight sections of pipe. The circular pipe cross section

is assumed to remain circular. The equation satisfied by either the fluid pressure
or the axial camponent of fluid displacement is the scalar wave equation; thus the
fluid can be moydeled by an axial structural member (rod).

Finite element models are prepared using the following procedure: Beam elements
are used to model both the straight sections and the elbows. If straight beam
elements are used, a minimum of three elements is recomaended (on the basis of some
numerical testing) for 90-degree bends, regardless of the spacing of grid points 1in
adjacent straight sections., In straight sections, the grid point spacing is dictated
by the need for accurate normal modes of vibration in the frequency range of
interest.

Since a pipe bend is more flexible than an equivalent length of straight pipe,
the moments of inertia for the beam elements in each elbow should be divided by the
appropriate flexibility factor. For piping systems with straight sections not
significantly longer than the arc lengths of the elbows, the elbow stiffness plays an
important role in the dynamic response and must be accurately modeled. Thus the
flexibility factor: assigned to each elbow should apply to the elbow as it is
configured in the piping system. In particular, the flexibility factors for 40-
degree elbows with straight pipe extensions are sensitive to the length of those
extensions (Ref. 13,14). As shown by Quezon and Everstine (Ref. 14), idealized
approaches such as those used in the ELBOW computer progran (Ref. 17) are generally
not adequate for predicting the flexibility factors of YU-degree elbows with straight
pipe extensions.

For the acoustic fluid inside the pipe, a duplicate set of grid points is

defined to coincide witn the pipe grid points. The fluid is modeled with elastic rod
elements (sometimes called spars), which are equivalent to beam elements with zero
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flexural and torsional stiffness. These elements are assigned the actual mass
density p for the fluid anc a Young's modulus E given by
.
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ORIGINAL PAGE IS E = pc (1)
OF POOR QUALITY

In Equation (1), ¢, the effective sound speed in a fluid coluan contained in an
elastic circular thin-walled pipe, is obtained from

c= VB/lp/ /1 + BD/ESt' (2)

where B is the fluid bulk modulus of elasticity, p is the fluid mass density, D is
the mean diameter of the pipe, ES is the Young's modulus of the pipe material, and t
is the pipe wall thickness. SincCe the numerator in Equation (2) is the actual speed
of sound in the fluid, the denoninator (which is always greater than unity) is the
corrective factor which accounts for the elasticity of the pipe. This correction is
well known (Ref. 13); according to Krause, Goldswmith, and Sackman (Ref. 19), this
relation was first derived by Joukowsky (Ref. 20) over 40 years ago. Eguations (1)
and (2) can be combined to yield

E =8B/(1 + BD/Est) (3)

The fluid, which is wodeled with axial members, must have only one independent
dedree of freedom (DOF) at cach grid point. The three rotational UDOF are restrained
at all fluid points. Both transverse translational DOF at each fluid point are con-
strained (using multipoint constraints or rigid links) to imove with the corresponding
structural point. The only rewaining DOF, the axial DOF, is free to slide relative
to the beam. These constraints are applicable in both the straight sections and the
elbows. It is therefore convenient to define for each elbow a separate cylindrical
coordinate system whose axis is perpendicular to the plane of the elbow and inter-
gects the center of curvature, For elbows, the independent DOF is thus the azimuthal
translation. For each straight section, it is convenient to define a separate
Cartesian system with one axis coincident with the pipe axis. It is emphasized that
the single independent fluid unknown is the axial displacement, not the pressure.

The fluid pressure can be recovered from the finite element program in the usual way
by requesting that stresses in the fluid elements be calculated and printad.

The modeling of fluid-filled tees is handled differently from that of elbows.
Since fluid entering one leg of a tee can flow out both of the other two branches,
the procedure must ensure that the total fluid mass flowing into one branch of the
joint equals the total mass flowing out the other two branches (Ref. 8). (This con-
dition is automatically satisfied for an elbow, a two-branch joint.) 1In the finite
element model, we define at the intersection of the tee branches nne structural grid
point and three fluid grid points, as shown in Figure 1. As with other fluid grid
points in the system, each of these three points is permitted to move only in the
axial direction for the branch in which it lies., In addition, the three axial DOF
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\_ { 1 STRUCTURAL GRID POINT

3 FLUID GRID POINTS

Figure 1 - Low Frequency Model of Piping Tee

ire not independent (because of conservation of mass) and must satisfy the relation

3
L A (5 -u)=0 (4)
4o 2014

here u, and £, are *he axial components of structural and fluid displacements, re-
.pectively, ané A, is the fluid cross-sectional area for branch i of the tee.
‘hus, a tee introéuces two independent fluid DOF into the model.

As with elbows, flexibility factors should be used with the beam elements which
odel the tee. Unfortunately, even less is known about tee flexibilities than about
:1bow flexibilities. The procedure that we find convenient for computing tee flexi-
ilities is to perforwm a separate finite element analysis for a tee modeled as a
shell. This analysis can be easily made since a tee data generation program (Ref.
1) has been interfaced with NASTRAN by Quezon (Ref. 22) so that, given a few basic

.arameters, an analysis can be performed within a few hours. No tees are included in
‘he examples in this report.

: Damping in the piping system can be directly incorporated in the finite element
*odel by entering the damping loss factor as a material damping constant, which
vesults in complex material moduli.
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Because of the versatility of finite element computer codes, various boundary

conditions on the fluid column are possible. At a free surface (where the pressure
vanishes), the fluid DOF (the axial displacement) is left free, a natural boundary
condition., At a fixed boundary, the unknown is restrained. If the pipe modeled is
part of a very long system, in which case a non-reflecting fluid b undary is needed,
the plane fluid waves can be absorbed by attaching to the fluid DOF a dashpot whose
constant (ratio of axial force to velocity) 1is pcA, where p is the fluid mass
density, ¢ is the effective sound speed as given by Equation (2), and A i3 the cross-
sectional area of the fluid column. For a pipe that opens invo a large volume of
fluid (e.g., the sea), the appropriate boundary condition is that of a piston in an
infinite baffle (Ref. 23), in which case the scalar added mass

M= 8pal/3 (5)

is applied, where p is the fluid mass density and 'a' is the radius of the opening.
For a pipe with a closed end, the axial fluid displacesent at the end is tied to the
axial structural displacement using a multipoint constraint equation or rigid link.

The beam model just described can be applied using most general purpose finite
element structural analysis codes without modification. The analysis is performed in
a single pass with the fluid-structure coupling included in the model. The resulting
model has seven independent degrees of freedom at each grid point location, six for
the pipe and one for the axial casmponent of fluid displacement. For matrix bandwidth
reasons, each fluid grid point should be sequenced adjacent to its corresponding
structural point. The major limitation of the model is frequency: this is a low
frequency model. More will be said about this limitation later.

INTERMEDIATE FREQUENCY 3-D MODEL

For the dynamic response prediction of piping systems at frequencies for which
beam models are not valid, general three-dimensional finite element models are
required. 1In general, this approach models the pipe with shell elements and the con-
tained fluid with 3-D acoustic finite elements, Thus the pipe need not respond only
as a beam (for which the cross sections are rigid), and non-planar fluid response is
allowed. Such a model generally requires thousands of degrees of freedom, even for
simple piping systems. Thus, although 3-D models may find only limited use (given
current computing power), it is worthwhile to describe the model's formulation and
demonstrate its application. A 3-D model is particularly useful for validating
approximate models such as beam models since the limitations of the approximate model
can then be determined. The purpose of this section is to describe the general 3-D
finite element modeling of non-planar fluid-filled elastic piping systems. We are
not aware of any previous finite element analyses of the size to be considered here
for the fully-coupled fluid-structure problem,

Most general finite element work involving an elastic structure coupled to
an acoustic fluid (for which the fluid pressure satisfies the wave equation) can be
traced to the work of Zienkiewicz and Newton (Ref. 15). In their work and in many
subsequent papers by others, the fundasental fluid unknown was taken to be the
pressure. A few investigators (e.g., Hamdi, Ousset, and Verchery (Ref. 24)) selected
the fluid displacement as the unknown,
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Everstine (Ref. 25-27) showed how general purpose structural analysis codes
. could be used, without modification, to solve the common field equations arising in

,. mathematical physics (including the wave and Helmholtz equations of acoustics). He

, also showed how the codes could be used to solve mixed field problems such as coupled
structural-acoustic problems.

More recently, he showed (Ref. 16) that, if the coupled fluid-structure problem
were formulated with velocity potential rather than pressure as the fundamental fluid
unknown, the nonsyumetric matrices of the pressure formulation would be symmetric.
For some situations, including steady-state problems involving damped systems (which

" are of interest here), significant computational advantages result.

' If both fluid and structure are modeled with finite elements, the following
matrix equation arises (Ref. 16,28):

R L

where 3, the fundamental unknown in the fluid, is the time integral of pressure
_and hence proportional to the velocity potential. The unknown q is a vector with a
> single wnknown at each fluid mesh point. In Equation (6), u is the vector of dis-
Zplacement components in the structure, M and Q are the mass matrices for the struc-
. ture and fluid, K and H are the stiffness wmatrices for the structure and fluid, A is
“the area matrix which converts fluid pressure at interface points to structural
~loads, B and C are the damping watrices for the structure and fluid, and f, and f

are the structural and fluid applied loads. If the pressure gradient (or equiva-
lently, fluid motion) is specified at a fluid boundary, f2 takes the form

£, = -(Asaqlan) /p ¢)) ‘

where A is the area matrix for the boundary surface. In Equation (6), the required d
"mat‘.erigl constants" for the fluid elements are i

. - _ n20 - - 2
G, = 1/p, Ee = 10 Gyr Pe 1/pc (8)

where G , E_, and p are, respectively, the "shear modulus," "Young's modulus,"
and "mass density" Sssigned to the fluid finite elements (Ref. 16,28).

In the fluid-filled piping systems of interest here, damping is introduced
by specifying an overall system loss factor. In that case, the matrices K and H in
- Equation (6) are complex, and B = C = 0. The loss factor n, if uniform, 18 given by

n=1In (K / Re (K) = In (H) / Re (H) 9)
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All matrices in Equation (6) except A are automatically formed by the finite
element program once the elenents are defined. The area matrix A has nonzeros only
at rows and columns corresponding to interface degrees of freedow. For p ping
systems which involve only cylinders and tori, the area contribution at each point is
easily calculated analytically, so that A can be generated by an automatic data
generation preprocessor.

This finite element scheme can be implemented on any general purpose structural
code which allows the user to enter matrix elenents directly from the input str:am.
We used NASTRAN for the analyses described in this paper.

EXAMPLE 1: A PLANAR PIPING SYSTEM

The formulations described in the preceding sections will be illus‘“rated first
on a simple planar piping system for which experimental data are available (Ref. 6).
This system, shown in Figure 2, consists of two straight sections of stanaard 4-inch
copper-nickel pipe connected by an elbow. The system is filled completely with lu-
bricating oil. Table 1 summarizes the pertinent properties of the systea.

FREE END;

FREE SURFACE FOR OIL \*

PIPE FIXED;
OIL DRIVEN BY PISTON
/ 4"

1_ 36" - NOT TO SCALE

Figure 2 - Planar Piping System
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Pipe (4-inch 70-30 Cu-Ni)

outside diameter (0.D.)
minimun wall thickness
nominal wall thickness
Young's modulus
Poisson's ratio

weight aensity

Elbow

bend radius (R)
bend angle

Fluid (2190 TEP oil}
actual bulk modul us

effective bulk modulus in pipe
weight density

4.5 in
0.203 in
0.232 in
22,000,000 psi
0.294 .
0.323 1b/in>

4 in
90 degrees

282,000 psi
228,000 psi

0.0315 1b/in>

As seen in Figure 2, one end of the pipe was fixed, and the fluid was driven by
1 piston designed to excite only the fluid. The other end of the system was free.
yeasurements (Ref. 6) included the fluid pressure at the piston and the inplane com-
-yonents of structural velocity at the free end.

Both beam and 3-D models were prepared for this piping system using the finite

xlement approaches described in the preceding section.

The beam model consisted of

en beam elenents in each straight section and eight elements in the elbow. For this
2-D problem, each fluid and structural g-id point had, respectively, one and three

legrees of freedom (DOF). The beam model thus had 112 LOF,

The elbow flexibility

factor used for the beam analysis was 8. 14, which was computed by the tLBOW coumputer
program (Ref. 17). For inplane wanent loads on elbows with long straight sectious,
ILBOW has been shown to be satisfactory, although it does overestimate the flexibil-

tty factors slightly (Ref, 14).

The mesh used for the 3-D model is shown in Figure 3.
ised i3 a low-order four-node quadrilateral pl~Lc (NASTRAN'S QUAD2).
symmetry, only half of the circumference (180 degrees; was modeled.

The structural element

Because of
The model had

.en elements in the circunferential direction, 19 elements longitudinally in each

itraight section, and nine elements in the elbow.

The dry pipe thus had about 2800

JOF. As shown in Figure 3, the fluid finite element mesh had two elements (a con-
stant strain wedge and an eight-node isoparametric hexahedron) in the radial direc-

!Q Y, A T

.ion between the center of the pipe and the shell.
.he 3=D model increased to about 3900 DOF.

With the fluid added, the size of

The assumed uniform loss factor used for all calculations for this piping systenm
vas 0.0262, independent of frequency. This value was selected on the basis of pre-

'ious experimental experience with similar systems.
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(b) Fluid Finite Element Mesh in Cross Section

(a) Dry Pipe

b 34

L 14

Figure 3 - Finite Element Model of Planar Piping System

The results of the analyses of this system are shown in Figures 4 and 5 over the
frequency range 10 Hz vo 10,000 Hz. Mobility responses (the ratio of veloeiiy re-
sponse to driving force) are shown for both analytical models and the Davidson-Snith
experimental data (Ref. 6).

The two analytical solutions shown in Figures 4 and 5 are in reasonably good

agreement even for frequencies above the first lobar (ns2) frequency, vhere the modal
density is high. The n=2 lobar frequency for a long pipe can be estimated from the
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Figure 4 -~ Mobility of Planar Piping System: Transverse Response at Free End

classical formnla (Ref. 29) for the p.ane strain vibrations of a ring. For a dry
ring, the lowest n=2 frequency is

£fe (1/21) ¥ 3nsc’/5psr'(1-v2)' (10)

where E_, p_, and Vv are, respectively, the Young's wmodulus, mass density, and
Poisson®s r8tio for the pipe materiel, t is the wall thickness, and r is the mean
radius. Thus, from Equation (10), for Y=-inch Cu-Ni pipe, the lowest n=2 ’obar mode
occurs at about 1066 Hz for dry pipe.
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Figure 5 - Mobility of Planar Piping System: Axial KResponse at Free End

The corresponding fluid-filled frequency can be estimated if p_ in Equation (10)
is replaced by the effective density Pefs for the structure-fluid combination:

Page = Pg + or/2t (11)

where p 1s the fluid mass density. Wit!. this correction, the lowest n=2 lobar fre-
quency for oil-filled 4-inch Cu-Ni pip- about 888 Hz.
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Although the results for the planar system show good agreesent between the bean
results and both the 3-D results and the experimental data, this planar system does
not provide an adequate test of a beam model. One difficulty which arises with
non-planar systems is that the flexibility factor k is hard to calculate. Although
idealized approaches for calculating k do not distinguish between inplane and
out-of-plane cases, it has been shown (Ref. 14) that, for 90-degree elbows with
straignt pipe extensions, the out-of-plane flexibility factor differs considerably
from the inplane factor. In addition, weny piping systewms of practical interest have
straight sections which are not so long (relative to the elbow arc length) as in the

. planar system of Example 1. We would expect the elbow flexibilities to becouwe more

'wmmﬂ-

important to the overall dynamic response for systems with shorter straight sections.

Here we consider a complex 3-D piping system also built with U-inch Cu-Ni pipe.
As shown in Figure 6, the system consists of four straight sections and three elbows
(two 90-degree elbows and one 45-degree elbow). The pipe is filled completely with

Elbow 2 (90-deg. SR, R=i")

- e
Elbow 3 (45-deg. LR, Rz6")

Elbow 1 (90-deg. SR, R=i")

Figure 6 -~ Finite Eler2nt Model of Non-Planar Piping System (Two Views)
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fresh water. Fluid free sur/aces are assumed at both ends of the system. (Experi-
mentally, such conditions could be simulated approximately by capping the ends with
flexible rubber membranes.) The loading for this system is a time-harmonic force
applied to the structure in the axial direction at point 1. The entire system is
assumed to be freely suspended. No experimental data are available for this systenm.

Both beam and 3-D finite element models were prepared for this piping system.
The beam model, which consisted of 21 beam elements, had 154 DOF. The 3-D model
(Figure 6) had about 7500 DOF (dry) and 9900 DOF (fluid-filled). The assused loss
factor used for both analyses was 0.02, independent of frequency.

The response predictions for this system are shown in Figures 7 and 8. Since
the same pipe size is used as in the planar system, the lowest n=2 dry lobar mode
occurs at the same frequency, 1066 Hz. This pipe, however, is filled with water
rather than oil, so the lowest fluid-filled n=2 lobar frequency is slightly lower:

867 Hz.

104
o
~ |
g ]
< 10t ’
L
- )
. 2
. 10°%
13
-
-
3
3 10
~
-y
o~
]
- 1¢
S
: «esss Doam Model (158 DOF)
1 oa} =0-0- 3-D Model (9900 DOF)

100 1&)0 10000

Prequency, Hs

Figure 7 - Acceleration Response of Non-Pianar Piping System:
Drive Point Agcelerance

154



R}

b s w5

ORIGINAL PAGE 19

eesss DBeam Model (15X DOP)
OF POOR QY ALITY

3] =0-0- 3-D Model (9900 DOF)

-
~?
S
L
(
T -
b §
Y
¥ <

0.1

Radial Accel. at 2 / Axial Porce at 1, in/sec3-1b

100 1000 10000
Frequency, Hz

Figure 8 - Acceleration Response of Non-Planar Piping System:
Transfer Point Accelerance

The flexibility factors for the 90-degree elbows in the beam model were esti-
mated from the tables published by Quezon and Everstine (Ref. 14) for 90-degree
elbows with various lengths of pipe extension. The flexibiliity factors for the
45-degree elbow in this system were estimated from similar tables nc - heing compiled
for U5-degree elbows. (These tables will be published soon.) The f ‘Hility
factors used in this beam analysis are listed in the second and thirc. olumns of
Table 2.

As seen in Figures 7 and 8, the two analyses (beas and 3-D) are in very close
agreement up to about 550 Hz, which is about 63% of the lowest n=2 fluid-filled lobar

mode (867 Hz) of the pipe. Thais agreement indicates that the beam model is a valid
model for low frequencies.

SENSITIVITY OF RESPONSE TO FLEXIBILITY FACTORS

Here we use the beam model of the non-planar piping system to determine the
effects of errors in the flexibility factors used in the analysis. As we indicated
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TABLE 2 - FLEXIBILITY FACTORS FOR NON-PLANAR PIPING SYSTEM

FLEXIBILITY FACTORS

ELBOW BASED ON REF. 14
ELBOW EFFECT
INPLANE | OUT -QF -=PLANE PROGRAM [17] IGNORED
1 (90-deg. SR) 5.0 2.8 7.8 1.0
2 (90-deg. SR) 5.4 2.8 7.8 1.0
3 (45-deg. LR) 4,2 3.7 5.2 1.0

in the preceding section, the flexibility factcrs used were based on tables for 90-
degree elbows published by Qezon and Everstine (Ref. 14) and other (as yet) unpub-
lished tables for U5-degree elbows with various lengths of straight pipe extensions.
Because the low frequency beam results using these factors agree well with the 3-D
model results in Figures 7 and 8, these flexibility factors are considered reasonably
accurate.,

For comparison purposes, analyses wWere also made using two other sets of flexi-
bility factors. The first set was that calculated by the ELBOW computer program
(Ref. 17). ELBOW is probably typical of the idealized approaches used by piping de-
signers. ELBOW's flexibility factors are in close agreement (Ref. 17) with the
current ASME code (Ref. 30), which, for zero internal static pressure, uses the
relation

2 ORIGINAL PAGE i3
k = 1.65 r°/tR OF POOR QUALITY (12)

where k is the flexibility factor, r is the mean radius, t is the wall thickness, and
R is the bend radius. The ELBOW program flexibility factors are listed in column 4
of Table 2.

The second additional set of flexibility factors used for an analysis was
obtained merely by setting k = 1.0 for all factors. This analysis would show the
consequences of ignoring the flexibility factor effect entirely.

The response predictions for all three sets of flexibility factors are shown in
Figure 9, in which the drive point accelerances (the ratic of acceleration to force)
are plotted over the frequency range 100 Hz to 1000 Hz (the low frequency regime).
Figure 9 clearly indicates the importance of using accurate flexibility factors in
the analysis,

DISCUSSIUN AND CONCLUSIONS

We have described two different finite element modeling procedures for predict-
ing the dynamic response of general 3-D fluid-filled elastic piping systems. The
beam model, a "~ w frequency procedure, was, for the non-planar system considered,
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Figure 9 - Sensitivity of Non-Planar Piping System Response to Flexibility Factor

valid for frequencies up to about 63% of the lowest fluid-filled lobar (n=2) pipe
mode. For frequencies between that and 100% of the n=2 mode, the general finite
element modeling procedure described could be used. For still higher frequencies,
where the modal density is high, the finite element approach remains theoretically
valid, but the analyst is probably wiser to use statistical energy analysis (S.E.A.)
techniques (Ref. 31) instead. The S.E.A. technigues are particularly well suited to
the high modal density regime.

It was shown that the accuracy of beam analyses of piping systems depends
strongly on the accuracy of the flexibility factors used. Such factors are not
required in the 3-D finite element model since they are implicit in a shell model of
the pipe.

Finally, the beam analyses presented here used straight beams to model the bends

(elbows). It would clearly be preferable to use instead curved beam elements, if
available.

157

CEC St s e,

o

.

e
PRI

o R 3

3+
i
g



10.

1n.

12.

REFERENCES AR et A

Ne il

OF POUR QUALITY

Callaway, D.B., F.G. Tyzzer, and H.C. Hardy, "Resonant Vibrations in a Water-
Filled Piping System,"™ Journal of the Acoustical Society of America, vol. 23,
no. 5, pp. 550-553 (1951).

El-Raheb, M., "Acoustic Propagation in Finite lLength klastic Cylinders. Part 1i:
Axisymaetric Excitation," Journal of the Acoustical Society of America, vol.
71, no. 2, pp. 296-306 (1982).

El-Raheb, M., "Acoustic Propagation in Finite Length Elastic Cylinders.
Part II: Asymaetric Excitation," Journal of the Acoustical Society of
America, vol. 71, no. 2, pp. 307-317 (1982).

Joppa, P.D., and I.M. Fyfe, "A Finite Element Analysis of the Impedance
Properties of Irregular dhiaped Cavities with Absorptive Boundaries,"
Journal of Sound and Vibration, vol. 56, no. 1, pp. 61-69 (1978).

Astley, R.J., and W. Eversman, "A Finite Element Method for Transmission
in Non-Uniform Ducts Without Flow: Comparison with the Method of
Weighted Hesiduals," Journal of Sound and Vibration, vol. 57, no. ,,
pp. 367-388 (1978).

Davidson, L.C., and J.E. Smith, "Liquid-Structure Coupling in Curve Pipes," The
Shock and Vibration Bulletin, bulletin 40, part 4, pp. 197-207 (1969).

Davidson, L.C., and D.R. Samsury, "Liquid-Structure Coupling in Curved Pipes -
II,"” The Shock and Vibration Bulletin, bulletin 42, part 1, pp. 123-136
(1972).

Howlett, J.T., "Applications of NASTRAN to Coupled Structural and Hydrodynamic
Responses in Aircraft Hydraulic Systems," NASTRAN: Users' Experiences,
NASA TM X-2378, National Aeronautics and Space Administration, Washington, DC,
pp. 407-419 (1971).

The M.W. Kellogg Company, Design of Piping Systems, second edition, John Wiley
and Sons, Inc., New York (1964).

El-Raheb, M., "Vibrations of Three-Dimensional Pipe Systems with Acoustic
Coupling," Journal of Sound and Vibration, vol. 78, no. 1, pp. 39-67
(1981).

Schwirian, R.E., and M.E, Karabin, "Use of Spar Elements to Simulate
Fluid-Solid Interaction in the Finite Element Analysis of Plping Systen
Dynamics," Fluid Transients and Structural [nteractions in Piping
Systems (edited by P.H. Rothe and D.C. Wiggert), The Aderican Society
of Mechanical kngineers, New York (1981).

Hatfield, F.J., and D.C. Wiggert, "Fluid-Structure Interaction in Piping by
Component Synthesis," Fluid Transients and Structural Interactions in
Piping Systems (edited by P.H. Rothe and D.C. Wiggert), The Aserican Society
of ‘lechanical Engineers, New York (1981).

158



13.

W,

15,

16.

17-

18.

19.

21.

22.

23.

2l

25.

Rodabaugh, E.C., S.K. Iskander, and S.E. Moore, "End Effects in Elbows Sub-
Jectad to Moment loadings," Report ORNL/Sub-2913/7, Oak Ridge National
Laboratory, Oak Ridge, Tennessee (1978).

Quezon, A.J., and G.C. Everstine, "Stress Indices and Flexibility Factors
for 90-Degree Piping Elbows with Straight Pipe Extensions," DINSRDC/-
CMLD-82/05, David W. Taylor Naval Ship R&D Center, Bethesda, MD (1982).

Zienkiewicz, 0.C., and R.E. Newton, "Coupled Vibrations of a Structure Sub-
merged in a Compressible Fluid," Proceedings of the lnternational Syumpo-
sium on Finite Element Techniques, Stuttgart, pp. 359-379 (1969).

Everstine, G,C.. "A Symmetric Potential Formulation for Fluid-Structure
Interaction," Journal of Sound and Vibration, vol. 79, no. 1, pp.
157-160 (1981).

Dodge, W.G., and S.E, Moore, "ELBOW: A Fortran Proygram for the Calculation of
Stresses, Stress Indices, and Flexibility Factors for Elbows and Curved Pipe,"
Report ORNL-TM-4098, Oak Ridge National Laboratory, Oak Ridge, Tennessee
(1973).

Streeter, V.L., Fluid Mechanics, third edition, McGraw-Hill Book Coupany,
Inc., New York (1962).

Krause, N., W. Goldsmith, and J.L. Sackman, "Transients in Tubes Containing
Liquids ," International Journal of Mechanical Sciences, vol. 19, no. 1, pp.
53-68 (1977).

Joukowsky, N., "Uber den Hydraulischen Stoss in Wasserleitungsrohren," Memoir
de 1l'Academie, vol 9, 8 Ser., no. 5 (1900).

Gantayat, A.N., and G.H. Powell, "Stress Analysis of Tee Joints by the
Finite Element Method," Report US SEM 73-6, Structural Engineering Labora-
tory, University of California, Berkeley, California (1973).

Quezon, A.J., and G.C. Everstine, "Comparison of Finite Element Analyses
of a Piping Tee Using NASTRAN and CORTES/SA," Ninth NASTRAN Users'
Colloquium, NASA CP-2151, National Aeronautics and Space Administration,
Washington, DC, pp. 224-242 (1980).

Ross, D., Mechanics of Underwater Noise, Pergamon Press, Inc., New York
(1976).

Hamdi, M.A., Y. Qusset, and GU. Verchery, "A Displacement Method for the Analysis
of Vibrations of Coupled Fluid-Structure Systems," International Journal for
Numerical Methods in Engineering, vol. 13. no. 1, pp. 139-150 (1973).

Everstine, G.C., "Structural Analogies for Scalar Field Problems," International

Journal for Numerical Methods in Engineering, vol. 17, no. 3, pp. 47T1-476
(1981).

ORIGINAL PAQE (8

OF POOR QUALITY
159



26.

Everstine, G.C., E.A. Schroeder, and M.S. Marcus, "Tne bDynamic Analysis of
Submerged Structures," NASTRAN: Users' Experiences, NASA ™ X-3278,

lational Aeronautics and Space Administration, Washington, DC, pp. 419-429
(1975).

27. Eve,. ine, G.C., "Finite Element Solutica of Tersion and Uther 2-D Poisson
Equations," Tenth NASTRAN Users' Colloquium, NASA CP-22U49, National Aero-
nautics and Space Administration, Washington, DC, pp. 153-164 (1982).

28. Everstine, G.C., "Structural-Acoustic Finite Element Analysis, with Application
to Scattering," Proceedings of the Sixth Invitational Symposium on the Unifi-
cation of Finite Elements, Finite Differences, and Calculus of Variations
(edited by H. Kardestuncer), University of Connecticut, Storrs, CT, pp.
101-122 (1982).

29.

Den Hartog, J.P., Mechanical Vibrations, fourth edition, McGraw-Hill book
Company, Inc., New York (1956).

30. American Society of Mechanical kngineers, "ASME Boiler dand Pressure Vessel
Code. Section III, Rules for Construction of Nuclear Power Plant Components"
(1980 edition).

31.

Lyon, R.H., Statistical Encrgy Analysis of Dynamical Systems: Theory and Appli-
cations, MIT Press, Cambridge, Massachusetts (1975).

ORIGINAL PAGE IS
OF POOR QUALITY

160

TP VL e Sl



L e .

(N84 15601

PROPAGATING PLANE HARMONIC WAVES THROUGH FINITE LENGTH PLATES
OF VARIABLE THICKNESS USING FINITE ELEMENT TECHNIQUES

J. H. Clark, A. J. Kalinowski, C. A. Wagner

NAVAL UNDERWATER SYSTEMS CENTER
NEW LONDON, CONNECTICUT 06320

ORIGINAL PAGE IS
OF POOR QUALITY SUMMARY

Closed form solutions exist in the literature for propagating plane har-
monic waves through infinitely long uniformly thick plates which are immersed
in fluids. These solutions fail to account for the edge effects present in
finite length plates and address only plates of uniform thickness. This paper
presents an analysis using finite element techniques which addresses the prop-
agation of a uniform incident pressure wave through a finite diameter axisymme-
tric tapered plate immersed in a fluid. The approach utilized in developing a
finite element solution to this problem is based upon a technique for axisymme-
tric fluid structure interaction problems presented in the Tenth NASTRAN Con-
ference (ref. 1).

The problem addressed in this paper is that of a 10 inch ciameter axisym-
metric fixed plate totally immersed in a fluid. The plate increases in thick-
ness from approximately 0.01 inches thick at the center to 0.421 inches thick
at a radius of 5 inches. Against each face of the t.pered plate a cylindrical
fluid volume has been represented extending five wavelengths of f the plate in
the axial directon. The outer boundary of the fluid and plate regions have
been represented as a rigid encasement cylinder as was nearly the case in the
physical problem,

The primary objective of the analysis is to determine the form of the
transmitted pressure distribution on the downstream side of the plate. A
secondary purpose is to demonstrate the feasibility of employing the ref. 1
fluid-structure interaction technique on a large D.0.F. problem, and in fact
running this large problem uncovered a basic error in the NASTRAN coding for 32
bit machines (e.g., VAX or IBM 360, 370, or 3033) when employing MPC or DMIG

cards. These errors could impact any rigid format.

The finite element model used consists of 7455 nodes comprising 7191 axi-
symmetric ring elements. Both the fluid and the plate structure have been
represented using axisymmetric CTRAPAX and CTRIAAX elements. The fluid (sea-
water) elements and structure (plate) elements are linked together along their
boundary by utilizing a duplicate set of nodes and a direct matrix insertion
capability within NASTRAN. This enables the incorporation of the stiffness and
mass coupling terms in the stiffness and mass matrices respectively.

The plate is loaded with a uniform harmonic pressure wave (f = 100,000 Hz)
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which propagates axially through the incident side fluid, into the plate, and
then out into the transmitted side fluid.

Presented results consist of plots of pressure along both the incident and

transmitted surfaces of the tapered plate. In addition, pressure and paase
contours throughout the modeled fluids are presented.

SYMBOLS

Values are given in both SI and U.S. Customary Units. The meauurements
and calculations were made in U.S. Customary Units.

AA = associated area (eq. (1))
¢ = value of term entered on diagonal of damping matrix
Cs = sound wave velocity in fluid
f = frequency of propagating wave
ke = bulk modulus of the acoustic fluid
n. = normal to a surface in radial direction
n, = normal to a surface in axial direction
U, = displacement in axial direction

P = mass density of acoustic fluid

INTRODUCTION

Sternberg, et al., (ref. 2) have experimentally demonstrated the frequency
independent characteristics of acoustic filter plates with regards to beamform-
ing characteristics. Mathematical approaches have been undertaken to analyti-
cally account for this phenomena with varyi-q degrees of success. The objec-~
tive of this project was to utilize the finite element method to model the
transmission of a plane harmonic wave through a filter plate of variable thick-
ness immersed in sea water. This filter plate effect, if used in conjunction
with an acoustic lens, develops beams which are independent of frequency and of
constant width. A typical configuration is shown in Figure 1 and has been
experimentally tested.

The analysis presented accounts for the rigid containment cylinder, the
tapered circular steel filter plate, the transmission side fluid inside the
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containment cylinder and the incident side fluid which theoretically extends to
infinity. The rubber acoustic lens discussed briefly above has been excluded
from this analysis in order to isolate the effects of the filter plate.

Since the actual structure is axisymmetri: the finite element model uti-
lized is also axisymmetric. The filter plate has been analyzed by using the
displacement method within NASTRAN. The fluid has been iiodeled in accordance
with an axisymmetric pressure analogy (ref. 1). The driving force consists of
a plane harmonic wave at 100 kHz at normal incidence to the steel plate. Pres-
sure and phase distributions throughout the incident and transmitted fluid
volumes are to be computed. To enhance the presentation of the rather exten-
sive pressure and phase data, pressure and phase contcurs throughout the
internal and external fluid have been presented. In addition, plots of pres-
sure along the incident and transmitted surfaces of the filter plate are
presented.

Model Development

As detailed in ref. 1 the development of a finite element model for any
axisymmetric fluid structure interaction problem requires several steps. For
large degree of freedom problems model sizing, element sizing, and element
selection are reasonably straightforward, however, they must be addres:ed cau-
tiously in order to avoid both technical misjudgments and excessive computer
cost.

I. Sizing. The particular piece of hardware modeled is well defined. As
shown in Figure 2 the encasement cylinder is 5" (12.7 cm) in length and 0.5"
(1.27 cm) thick. The filter plate is 10" (25.4 cm) in diameter and tapers from
.08" (0.203 cm) at the center to 0.421" (1.06 cm) at a 4" (10.16 cm) radius.
The location of the driving surface is 2.5" (6.35 cm) away from the filter
plate surface and at the end of the containment cylinder. The area between the
filter plate and driving surface is fluid filled. On the downstream side the
modeled fluid extends to the end of the containment cylinder. The fluid within
the containment cylinder extends 4 wavelengths off the plate.

The important aspect relating to element sizing for steady state fluid
structure interaction problems is that the dis.ribution of nodes throughout the
model be such that plane harmonic waves at ..e frequency of interest can ade-
quately be described. As developed in ref. 3 adequate representation of the
pressure waves is ensured by using ten nodes per wavelength or in this case
where f = 100 kHz the node spacing becomes 0.06" (0.152 cm). This is based
"pon a wave propagation velocity in seawater of 60000 in/sec (152400 cm/sec).
With node spacings this small and a model geometry as described above, the num-
ber of degrees of freedom approaches the limits of COSMIC NASTRAN on the VAX
11/780.

Since an axisymmetric pressure analogy solution has been invoked for the
fluid elements, the selection of mating element type is limited. Several axi-
symmetric elements exist within COSMIC NASTRAN, however, previous success with
CTRAPAX ard (CTRIAAX elements determined selection. These elements have been
used to represent both the fluid and filter plate. As will be discussed in the
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next section, the containment cylinder and driving surfaces are represented as
boundary or 1oad conditions. The finite element model developed according to
the above discussion is shown in Figure 3.

II. Boundary Condition. The boundary condition addressed next is the
coupling of the ¥Iu13 elements (modeled within an axisymmetric pressure
analogy) to the structure elements (modeled within the displacement method).
This coupling when using axisymmetric elements requires duplicate nodes along
any luid structure boundary., These duplicate nodes are then utilized in
formulating the off diagonal coupling terms within both the mass and stiffness
matrices for each of the elements involved. The details of the couplirg pro-
ocedure are given in ref. 1 and are not repeated here.

The mass terms are given as, - A" pg ke n. and - A Pg k, - (1)
and stiffness terms are given as, AA n. and AA n,

The physical nature of the (ilter plate hardware enables representation of
the cylindrical containment cylinder as a rigid outer fluid boundary condition,
and is expressed as '

§%=o

where p is the fluid pressure.

This boundary condition is implemented within the pressure analogy by
freeing all constraints along the containment cylinder/fluid interface (i.e.,
no surface tractions).

The external fluid boundary is terminated with fluid dampers in such ¢ way
that the fluid appears to extend to mathematical infinity. Since NASTRAN does
not contain any axisymmetric dashpot elements, this effect was developed using
a direct matrix insertion technique similar to that required along the fluid/
structure boundary. To each node along the fluid boundary the magnitude of the
lumped damping term to be inserted in the dampino matrix is given as

2Pk,

-
=

Cf
As with the stiffness and mass terms described previously, the location of the
damping term within the damping matrix is developed in ref. 1.

IIT. Loading. Plane harmonic pressure waves will be the predominant load
type seen by the %ilter plate. The plane harmonic wave utilized in this prob-

lem is at a frequency of 100 kHz and has a magnitude of 1 psi (6895 P ). Tuis

wave emanates from the outer fluid boundary parallel to che flat metal surface

and impinges on the filter plate at normal incidence. The boundary conditions

and loading scheme are shown in Figure 3.



DISCUSSION

Initial attempts to execute NASTRAN and develop solutions for the pressure
field resulting from the tapered filter plate were unsuccessful. Several out
of the ordinary problems were encountered while making these initial checkout
computer runs. The first of these relates to the use of the DMIG card or MPC

ca;;aggtion with larger problems on a 32 bit machine (in this case the VAX
11 .

After considerable time and expense, it was discovered that the problem
arises when a model has a large numbeszof nodes such that the combined row and
column internal node number exceeds 2 (the 32 bit word can no longer repre-
sent an unsigned integer of this size). As a result when NASTRAN attempts to
order the list of row and column ID's in a monitonically increasing order, the
large internal node numbers actually appear as smaller negative numbers because
the sorting routine processes the 32nd bit as a plus or minus sign. As a
result the DMIG card coupling terms were arbitrarily associated with a node
elsewhere in the matrix thus voiding the coupling effect. Coding changes were
suggested by RPK Corporation and ultimately corrected this error. The coding
change alters the internal node sorting rcutine in such a way that the 32nd bit
is read as part of the node number and not as a plus (+) or minus (-) sign.
Subsequent runs desionstrated propar placement of the DMIG card coupling terms.

The second, less serious p— ' encountered relates to the mass distribu-
tion for elements which are very ctose to the centerline.

NASTRAN calculates the lumped mass of an; axisymmetric element by first determin-
ing the centroid of the elements nodes. This radius is then used to determine
the circumference of the ring element. Knowing the length and height of the
element then enables a determination of the area and therefore mass of the
entire ring element. This mass is allocated equally to each of the four rodes
comprising the elements connectivity. For large radii this allocation sc..eme
is very accu:ate, nowaver, when the radius to che centroid of the element is
less than five times the node spacing significant errors result (as much as
40%). This error has been corrected by using the elements outer and inner
radii to calculate ring areas relative to the centroidal radius. This divides
each ring element into an outer ann.ius and an inner annulus. The mass of the
outer annulus is allocated to the two outer annulus nodes. The mass of the
inner annulus is allocated to the two inner nodes. The FORTRAN coding changes
made to the TRAPAD and TRIAAD subroutine in NASTRAN are shown in Figures 4 and

5. The lines that have changes are mainiy in the lines without the column
73-80 card number desigrators.

RESULTS
The NASTRAN solution to a steady state fluid structure interaction problem

consists of the pressure and phase distribution throughout the fluid. For very
large problems this data is ~mbersome to interpret, consequently two data pre-
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sentations have been developed. The first consists of a plot of the pressure
along the upstream and downstream sides of the tapered metal plate. This data
shown in Figures 6 anc 7 show several areas of higher pressure transmission
through the tapered plate. The major peak to peak fluxuations along the plate
surface in the pressure plots correlate with the submerged plate flexure wave-
lengths existing in a constant-thickness submerged plate whose thickness is the
average type thickness.

A finer mesh distribution radially along the centerline is needed in order
to properly model the stiffness in the plate and thus pick up the transmitted
pressure. This is why the transmitted and incident pressures are too large at
the centerline. Subsequent runs with a fluid plate (field solution is known)
demonstrated that this error near the centerline was localized to two or three
elements.

A second and, in this case, more useful presentation of this data is a
color graphics format of pressure and phase contours. Pressure contours are
shown in Figure 8. A noticeable effect depicted by these pressure contours is
the redirection or focusing of the pressure towards the centerline. Equally
important, the appearance of annular regions of increased energy transmission
ave evident. There are regions where more energy transmits through the plate
than in similar neighboring regions. The phase contour shown in Figure 9 is
evidence of the transmission of an actual plane wave from the driving boundary
through the incident side fluid. The bands of constant and repeating phase
angles verify this plane wave, The discontinuities in the phase contours in
the downstream fluid correlate with certain redirected pressure contours evi-
dert in Figure 8. These acoustic characteristics of filter plates, while
experimentally verified, have not been readily predictable. The technique
utilized here establishes a reasonable prediction capability. The development
of a predictive capability for both the redirection of the pressure field and
the regions of higher energy transmission were objectives of this effort.
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PROPAGATION OF FLEXURAL AND MEMBRANE WAVES
WITH FLUID LOADED NASTRAN PLATE AND SHELL ELEMENTS

A. J. Kalinowski and C. A. Wagner

NAVAL UNDERWATER SYSTEMS CENTER
NEW LONDON, CONNECTICUT 06320

SUMMARY

This paper is concerned with modeling flexural and membrane type waves
existing in various subm.rged (or in vacuo) plate and/or shell finite element
models that are excited with steady state type harmonic loadings proporiioned
to e’¥t, Only thin walled plates and shells are treated wherein rotary inertia
and shear correction factors are not included. More specifically, the issue of
determining the shell or plate mesh size needed to represent the spatial dis-
tribution of the plate or shell response is of prime imporcance towards suc-
cessfully representing the solution to the problem at hand. To this end, a
procedure is presented for establishing guide 1ines for determining the mesh
size based on a simple test model that can be used for a variety of plate and
shell configurations such as, (1) cylindrical shells with water loading, (2)
cylindrical shells in vacuo, (3) plates with water loading, and (4) plates in
vacuo. The procedure for doing these four cases is given, with specific numer-
ical examples present only for the cylindrical shell case.

INTRODUZTION

This paper addresses the topic of modeling flexural waves and membrane
waves present in various types nf shell and plate type structural configura-
tions. The issue at hand is arriving at a simple procedure for determining a
mesh size adequate to represent the detaiis of the spatial response distribu-
tions necessary to achieve some desired level of accuracy. To be sure, it
would be too large an undertaking to answer this question for all possible
plate and shell configurations that may arise, however, the selected class of
thin walled cylindrical shells and flat plates are often the major building
blocks of a good deal of structures. Therefore, the paper will focus on these
two configurations, with the major emphasis on the cylindrical shell employing
CCONEAX elements with axisymmetrical loading. Physical problems with finite
length dimensions exhibit solution responses that often have the form of
standing wave patterns as a result of reflections from the shell boundaries.
Further, these solutions do not have a single clearly defined constant ampli-
tude traveling wave comporent as one would have, in say, an infinitely 1long

178

-\



shell or plate. A constant amplitude traveling wave (propa?ating in the x
direction at frequency w) response, R, of the form R = R,e! ~Yx+wt) §s a desir-
able form to seek because the constant amplitude R, and associated spatial wave
TengthAy = 21/y can then be used as a measure for determining the ability of a
particular element to represent the desired wave propagation phenomenon. Devi-
ations of the finite element amplitude response from the exact response con-
stant R_ and/or deviatons of the finite element response phase angle period
from the exact spatial period can be used to judge the mesh refinement neces-
sary to achieve a desired level of accuracy. The thrust of this paper is not
to give a hard and fast rule for the number of elements per waveiength neces-
sary to achieve some desired level of accuracy, but rather to provide a proce-
dure for allowing one to establish his own level of accuracy. We take this
approach because ruiles of thumb are often dangerous, particularly in the area
of wave propagation in plate and shell structures. There are cases, for exam-
ple, in a plate or cylindrical shell where a cutoff point exists such that the
particular problem parameters (geometry, frequency, and physical constants)
result in a situation where there is no traveling wave. If the problem param-
eters happen to be such that the traveling wave root is close to the cut-off
point, a finer mesh size might be needed to properly represent the propagating
wave situation.

The symmetrically loaded (o independent loading) infinitely long cylinder
shell (with or without fluid external fluid present) is selected as the model
for examining flexural and membrane traveling waves (see Figure 1). This same
model can be used to treat all four plate and shell cases (with and without

water) discussed above. The plate cases can be realized by letting a + « and
the in vacuo cases achieved by setting the density of the fluid equal to zero.

SYMBOLS

a = radius of cylindrical shell (in)

¢ = fluid sourd speed (in/sec)
Cg = shear velocity = NG/og psi
Cp © in vacuo plate wave speed, JE/(oS(I-vZ)) (in/sec)
propagating wave phase velocity, ,/y

cf = in vacuo plate wave speed, Q/ hpswz/D (in/sec)
= plate modulus = Eh3/[12 (1 - v2)] of rigidity (1b/in)

£

harmonic frequency (Hz)

o - ©O O
]

= shear modulus of elasticity (psi)

(1 (1),
Hok ); Alt ) = Hankel Bessel functions of the first kind ord:r 0 and 1
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plate or shell thickness (in)

N<I' complex number

modified Bessel functions of order 0 and 1
w/c  acoustic wave number (in-1)

w/cfp in vacuo plate wave number (in-1)
w/c, in vacuo plate wave number (in-1)
finite element model length (in)

shell 1ine moment (1b/in/in)

axial Tine membrane force (1b/in)

fluid pressure (psi)

transverse shell line shear force (ib/in)
radial cylindrical coordinate (in)

time variable (sec)

axial motion of plate or shell (in)
amplitude of u (in)

radial motion of plate or shell (in)
amplitude of w (in)

plate coordinate direction normal to plate (in)
axial cylindrical coordinate variable (in)
wavelength of propagating wave

traveling wave number for z direction (in-1)
real part of vy

imaginary part of vy

= mass density of fluid (1b/sec2 in-4)

mass density ofstructure (1b/sec? in-4)

Poisson's ratio of structure
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SHELL

FIGURE 1. FLEXURAL WAVE MODEL FOR SUBMERGED CYLINDRICAL

SHELL
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FIGURE 2. DEFORMATION AND EDGE LOAD NOTATION
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ANALYTICAL WAVELENGTH FORMULATION FOR
PLATES AND CYL.NDRICAL SHELLS

The analytical formulation employed for determining the exact relationship
for freely propagating waves in plate and cylindrical shell structures is
important for its own sake, however, the formulation also directly leads to the
procedure employed to set up the NASTRAN wavelength accuracy demonstration
models. Consequently, some of the important details of the development for the
freely propagating wave characteristics equation are given. The procedure
given will closely follow the one given in ref. 2, except that freely propagat-
ing rather than standing wave configurations are considered by changing the
axial vari;ation as a complex exponential variation in z rather than a cosine
variation.

0f eventual interest is both the flexural wave and axial (membrane) wave-
lengths for plates (with and without water present) and for infinitely Tlong
cylindrical shells (with and without water present). This constitutes 2 x 2 x
2 = 8 different situations. However, we can treat the eight cases at the same
time by first treating the most complex case of the submerged infinitely cylin-
drical shell. By taking appropriate limits of this case (i.e., water density
+0or shell radius - ») we can recover the other cases of interest without
requiring any new analyses.

We start with the governing simplified thin wall shell field equations for
the cylindrical shell {(ref. 1) and corresponding wave equation for the external
fluid, namely

2%u v ow 3% 1,
327 " aaz " 3e2 " Eg-_ ° W
au w h2 8‘0 82
F5 PRt Iam AT cerc - Pl s (1WA)/(EN)
p r=a
. 2
le - _C_lz_g_t_g: 0 (2)

subject to the usual boundary condition relation relating the pressure gradient
normal to the shell and the shell acceleration,

) 3w

T (3)
r=a

where u, w are the axial, and radial displacements of the shell (see Figure 2a

for positive sense); p is the pressure in the fluid; h the shell thickness; a

the radius of the cylindrical shell; r, z are the radial axial cylindrical

coordinates; E,v are Young's modulus and Pgisgon‘s ratio of the shell; <p is

the plate wave speed parameter ( NE/(o1-v2)) ); and c is the acoustic wave
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speed of the fluid. The shell equations (1) are for classical thin wall plate
and shell theory and do not have rotary inertia and shear correction factors
included. Consequently, the area of interest focused on herein will be in a
frequency range of w such that the above two methods correction factors are not
necessary. This point will be expanded upon later in the paper.

The 6 symmetrical shell motion representing propagating waves in the +z
direction are assumed to take the form

u=U ez gt

0
v=0 (no hoop motion) (4)
A el YZ oiut

where U, and W, are the yet to be determined wave amplitudes, and y is tle
propagating wave number. For outward going waves, the form of the pressure
solution identically satisfying the wave equation (2) is given by ref. 2,

p(r,z) = P Hg)(r.JEEj;iﬂ)ein o-iut -

which can be easily verified by direct substitution of equation (%) into equa-
tion (2), where Py is the yet unknown pressure amplitude, and H{N ) is the
Hankel, function of the first kind of order zero. A similar expression for p
with w? ( ) (Hankel functions of the second kind) also satisfies the wave equa-
tion, but represents inward coming waves (when k& > Y2} or resulis in an ever
increasing exponential increasing pressure field with increating r when k2 < y2,
Neither of these situations corresponds to the physical problem at hand, thus
only the Hankel function of the first kind is retained.

The characteristic equation resulting in an interaction equation relatiug
the driving frequency w and admissible propagating wave numbers, 7y, is obtained
by substituting equations (4) and (5) into equation (1), subject to the bound-
ary condition {3): actually substituting equations (4) and (5) into condition
(3) leads to the relation between the surface motion amplitude W, and the pres-
sure amplitude Po> namely

2
po = =-p wﬂ w A (sa)
NiZy?' WY (aVie-y?)
Thus the resulting two linear equations in the W_, Uo coefficients is given by
2 D
(5 ) el ) = ©
2 ) ow2HD) (2 NKZZ
01 () + o [+ B - fareype - (o) (o)
Eh"’kz-yz‘ HSI) (a.sz_yz‘)

P
The nontrivial solution is obtained by setting the determinant of the
amplitude coefficients equal to zero resulting in (72)

w A\ LR e ey o (vBow? WY @NIEST ) | iy L
<€Fz; Y>[a7' 7 v - (w/cp Ehwk2oy? " H@(a T +< a)

for k2 > y2
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or in another equivalent form of
(7b)
2 2 2 NYZ_k2 2
(w _.Y2>1+{'_2_Yu_(w/cp)2_(1\))ﬂﬂzkn(a Y2-k% ) .,.(EY_):()

x4 32
“p a EhNYZ-kT K, (aNYZ-kT") a

for 2 > k2

where the Ko() and K3 () are modified Bessel functions and are related to the
Hankel functions by the identity

L x) = T a0y (8)

Noting that the in vacuo flexural wave number, kf , formla for a plate is
given by P

kfp = ——Eﬁﬁi (9)

and the in vacuo membrane compressional wave number, kp, given by

- W W
kp = -(-:—p- = ————-—E———— (10)
N <l-v2§ps

and finally the acoustic wave number by

k=% (11)

where ¢ is the acoustic wave speed of the fluid medium; the characteristic
equation for the traveling wave number, non-dimensionalized with respect to the
acoustic wave number k, can algebraically be rewritten as

( /k“ (1)(ka 1()2) '
(ka)wl- [1-(L) Wkan 141V

((kp/k>2-(wk)2)

(12a)

For (%)‘ <1

v . Ko (kan@E)-1 )
kp/k)2-(v/k)? 12 1- ok ﬁﬁ——_““‘
((kp/K)2=(y )T‘Tka ’ I‘kbf:'p/k)‘ N EENATN =N

or

k 2
/ =0 (12b)

For*(‘{-)2 > 1
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The original dimensional form of the characteristic equation (7) depended on
the eight parameters h, u, E, v, p, psr s C, for the resulting wave numbery ;
however, the above equation (12) form only depends on the reduced number of 5
non-dimensional parameters, namely 5,/k , ka, p/pg, a/h, and v for the result-
ing non-dimensional wave numbers y/K. The term (kfp/k) is not an independent
parameter since it can be expressed in terms of the other ones through the
relation

k , .
_£E.= (12)% NYKkp/k)(%)/(ka)' (13)

Roots of Characteristic Equation and Mode Shapes

The roots of the frequency equation (12) cover several special cases and
require further elaboration. The roots of interest for freely propagating
waves are those for whichy =y, is a real quantity, wherein the shell response
has arguments (see equation (4{) of the traveling wave form i(y.z - wt) and
corresponds to a wave propagating in the +z direction and the corresponding
wavelength is given by

A= (14)

Yr
Possibly, roots of the characteristic equation are complex (e.g., this could be
the case when employing equation (12a) due to the complex form of the Hankel
functions Hpl ) = gp( ) + i Y,( )). In these situations, the complex root can
be written in the form y = y, + iy; and substitution of this quantity into the
sf. 211 response equation (4), shows that the axial z response is proportional to
dYr*1¥iJZ = dYr’ €YiZ, Thus the solution amplitude would either reduce
{vyi > 0) or grow indefinitely (y; < 0) with z according to the sign of yj. The
wavelength of the reducing (or growing) fluxuations is still given by, = 2n/y, .

The case of interest in the remainder of this paper is the one for which
there are freely propagating waves of constant amplitude. This situation will
result when (Y/k)2 > 1 wherein the modified Bessel functions K, and K; have
real arguments and consequently equation (12b) usually results in real roots
for y. The situation (Y/k)2 > 1 implies the acoustic wavelength A3 = 2m/k is
Tonger than the propagating wavelength,)\p = 2 .y

For cylindrical shells, unlike the infinite plate, the axial membrane
force N,, will also result in a radial component of motion. Consequently, the
axial and radial motions for the membrane propagation or the flexural wave
propagation are coupled. In fact, the same characteristic equation (12b) can
be used to determine both the membrane and flexural propagating wave numbers
Yax»> Yfl- Whether a given root,Yy , corresponds to the membrane or flexural wave
can be established by examining the mode shape. More specifically, the ratio
of Ug/Wy can be solved from either of the two homogenous equations (6); upon
substituting the root, y, into say the first of equations (6) yields
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Yo _vya . uluk) e (15)
" (&7 ) <’\i‘)‘(;ﬁ) Jika)

Upon subsituting the y/k root in question into equation (15), the size of Ug
relative to Wy can be established, wherein IUO/Nol >> 1.0 implied a dominant
axial motion hence signifying a membrane propagating wave and |Uy/W,| << 1.0
implies a dominant radial motion hence signifying a flexural propagating wave.

Limiting Cases of General Characteristic Equation

Several limiting cases of the general characteristic equation (12b) not
only provide useful information by their own merit (i.e., the traveling wave
characteristic equation of a plate in fluid or air;or, the case of a cylinder in
air) but at the same time provide insight with regard to where (i.e., the range
of (y/k)) to search for the root. It is instructive to start with the simplest
case of an infinite flat plate in vacuo and build up to the more general case
of a submerged infinite cylinder.

e infinite plate in vacuo

This situation is realized by taking the 1imit as the fluid to structure
mass ratio goes to zero, p/pg > 0, and as the non-dimensional frequency param-
eters ka = ©, It is noted that ka > = can be realized by having the radius
a » o at a finite frequency w = k/c. Trus equation (12b) reduces to

k)] a

which by inspection has the roots

y=KkK and vy =kfp

Y

Substituting y = k _ into equations (6) shows that

p
b 1(0) + Wy + (vkp/=) =0
(17)

, ) 4 -
U, 100) + Wy - [n2 Kp/12 - (w/c )2] = 0

thus, Wy = 0 and Uy is any constant, and hence this mode corresponds to pure
axial motion with no radial motion, thus indicating the y = k., root is for the
membrane traveling wave. Similarly, substituting y = kfp intg equations (6)
yields

£0

,————/\"""\
Uy [wz/cp2 - k%p] + W, v (0) =0

Ui [0] + W, = [0] =0 (18)

186



wN T

ORIGINAL PAGE 13
OF POOR QUALITY

thus L = 0, and W, is any constant and hence corresponds to pure flexural
motion with no axial motion.

e infinite plate in fluid

This situation is similarly obtained by passing to the limit as a=* = in
equation (12b) and noting that (Ko (x)/K;(x)) > 1 as x> . Thus equation (12b)
reduces to

[Ck‘l) "(%)2} b (%2)" ' k(hf%)z,g)z-i ; ° 4

where again separate membrane traveling wavesand flexural traveling wavesresult
by separately equating the [ 1, and [ ], terms to zero in quation (19). Thus
by inspectionﬁ as in the in vacuo plate case,

Y

k=¥

is again a root for the membrane propagating wave and the root of

(F) (o)
SR L. =0 (19a)
/=T .

provides the flexural wave root. It is noted that equation (19a) is algebrai-
cally equivalent to equation (7.10) of ref. 2. Upon inspecting equation (19a),
it is seen that the effect of the water presence is to make the v/k root a
larger value (i.e., the flexural wavelength is smaller) than what would have
been the caze in the absence of external water. Thus the water has no effect
on the membrane wave root, however the flexural wave root is effected and must
be solved numericaliy with some sort of root searchiny scheme.

e infinite in vacuo cylindrical shell

The characteristic equation is again obtained from the general (12b) case,
by passing to the 1imit as (p/pg) - 0, thus obtaining

f, 4 2.2
2 . 235 o k2 Y Y =
(kb - Ila‘ ke ;1 (F;;) %] +--E;—- 0 (20)
which corresponds to a cubic equation in the desired y2 root and consequently
can be solved for exactly without resorting to 1 numerical root finder. Due to
the presence of the last term in equation (20), vy = kp is no longer the exact
root for the membrane traveling wave, however, the {vy /a)2 does not usually
shift the membrane wave number root very far from the plate solution, y = kpas
can be seen after solving for the exact roots of equation (20). Only positive
values for Y2 obtained from the cubic solution will correspond to freely propa-
gating waves. Although the exact membrane and flexural roots are coupled
through the last term in equation (20), an approximation of the root, say for
roughing out the mesh size needed, can be obtained from the approximations
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obtained after dropping the normally small (, y/a)2 term, hence

Y:k
for membrane wgves, and

v e VI TR

p
for flexural waves.

MODELING FLEXURAL AND MEMBRANE WAVES WITH NASTRAN

A simplified model is needed for the determination of the necessary number
of elements per wavelength required to accurately model the membrane and/or
flexural freely propagating waves in NASTRAN type elements. The procedure used
here is to cut a segment (say at least one wavelength long) out of the infi-
nitely long model. At one cut of the model (call it the starting end "A"),
moments and forces existing in the freely propagating wave are applied explic-
itly; at the other end (call it the termination end "B"), an appropriate
absorbing boundary conditions is applied (dampers that relate shell edge veloc-
ities to edge moments and forces). The boundary absorbers implicitly apply the
appropriate amount of moment or force that would have been present internally
at that section of the shell. In theory, it would be possible to apply explic-
it appropriately phased mements and forces at the termination end as well, how-
ever, this is not done for two reasons. First, there is a certain amount of
phase angle drift (an amount beyond the expected termination phase of yL) that
exists as the wave propagates along the axis of the shell (or plate) and it is
not known a priori what the phase drift is so that the termination moments and
forces can't be appropriately adjusted; the application of boundary absorbers,
however, does not require any phase drift adjustment. Secondly, the implemen-
tation of the absorbers gives future insight on how to truncate finite element
1ells or plates in such a manner that large problems requiring premature model
termination can be made.

In Vacuo Cylindrical Shell
® determination of edge loadinj moments and forces
The appropriate moments and forces at the starting end A can be .:termined

from the relationsnhips relating the shell motion u, w to the shell edge loads
NQ, QA, M; and a-e given by the shell theory relations (ref. 1)

A_ 32w A 03w A_ Eh  /3u, W
M=o ¥ At =ol¥ W -l (5 y) (21)
where the equation (21) moments and forces are line loads (i.e., loads per unit

circumferential arc length) obeying the shell sign convention of Figure 2a.
Upon substituting equations (4) into equations (21), it follows that
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M’Z\ = o .YZD wo ei(Yz-wt) QA = -]' .Y3D wo ei(’YZ"ﬂ)t)
(22)
A _  Eh - i(yz-wt) |, v i(yz-wt)
NZ = ‘(‘I:)*z-)' [1 Y UO e + Fy No e

where the relation between Uy, and W, is governed by equation (15) for cylindri-
cal shells. For plates fa » m) Uy and Wy are independent, where for membrane
waves U, denotes the wave amp]1tude with Wy = 0 and for flexural waves Wp is
the wave amplitude with J, = 0.

Equations (22) are not in a form ready to use in NASTRAN CCONEAX elements
for three reasons: first, NASTRAN input is not in the usual line load form as
is the case with shell theory, but rather are total values wherein the li‘e
loads must be multiplied by 2ma; second, the finite elemeny type sign conven-
tion (like quantities at both ends of the member are positive in the same
sense) is different from the shell theory convention (e.g., compare Figures 2a
and 2b) and; third, NASTRAN has an e*1@t hardwired intc the code, consequently
an adJustment in the analytical solution is necessary to compensate for this
point, Specifically, a wave traveling in the +z direction also can be repre-
sented with an i(-yz + »t) type argument, thus by replacing y with -y and w
with -, in the analytical solutions will accomplish the corresponding correc-
tion. Thus accounting for all three compensations and also incorporating
equation (15), the NASTRAN loading for the cylindrical shell at the starting
cut A, evaluated at z = 0, is given by:

~A - 2 +i(ﬂt
M7 = 2ma y* D W, e NASTRAN
) ) cutTA
= 2ma v3 D W et Hiut mig;“g (23)
cylinder
A _ 27a w2V W +Hiwt
NZ - (aiﬁ’ (YZ-E; )e

where W, is any suitable displacement ampiitude factor that is selected by the
user, and vy fs the root directly from the appropriate frequency equation
(sign changes in y and  have already been compensated for in setting up equa-
tion (23)). The etiwt factors are of course omitted when entered data into
NASTRAN since this factor is automatically accounted for internal to the
program.

e determination of shell edge termination absorbers

The membrane or flexural wave incident upon the shell termination will
reflect from the end unless the appropriate boundary condition is inserted to
simulate the effect of having an infinitely long sheli. Here the appropriate
boundary absorber is developed for each of the three shell edge loads. Follow-
ing the same procedure used to setup equations (23), the internai moments and
forces at the termination end are given by
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63 - 272 v3 D e+1‘90° o ptint -ivl (24)
- +3900 . .

NB _ -2ma hypg wle 9 Uo e+1mt e-1yL

The equat1ons (24) can be written in terms of velocity, by noting u = +iwu

w = iww, dw/dx = 6 = (-iy)(iww) thus equations (24) become
~ - ~B -2 . ~ -
Mg,z%x,(e) s AL =218 h £ () (25)

where the above forces are the forces on the shell edge B. Dampers attached to
the end of the shell would have an internal force or moment equal and opposite
to the value at the shell edge, thus the forces and moments internal to the
damper =»re given by

wﬁ=c9-(e) Q =Cy- ) W o=g - (W) (26)
where the damper values are given by .
2 NASTRAN
C, = ¢ra D G = Zady ¢ = eran aCy | CCONEAX (27
Y Y DAMPERS
where the propagation phase velocity, Cy» is defined by
¢ % (28)

where Y is the root of the characteristic equation. In the case of a plate,
the same dampers can be used, ex~2pt the 2ra would be replaced by the width of
the plate (perpendicular to the direction of propagation) and appropriately
subdivided between the element termination nodes (two t=rmination nodes for

actual plate elements and one termination node for beam elements with a plane
strain correction on the Young's modulus).

Submerged Cylindrical Shell
® determination of edge loading moments and forces
The appropriate moments and forces employed to drive the shell edg~ empioy
the same equation (23) formulas, except that the propagating wave number root, vy
must be determined from equations (12b)in this case.
e determination of shell edge termination dampers

Again equations (27) can be used, except that y as determined from equa-
tions (27) is employed.
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The appropriate fluid loading can be obtained by substituting equation

(5a) into (5) (and converting into the -iyz + wt form by lettingy = -y and
w = -w) to obtain

o(r.2) = Moo H) (rNPST) vz + et

— —I— (29)
N 1Y (aNKEoT)
Employing the large argument Bessel function approximations (ref. 5) of
o = Nz el 8 By = g (x)e 2 (30)
the equation (29) can be .ewritten for, |rNY2 - k2 | > 10.0, in the form
-(r/a-1)(aNy2-k?' . .
p(r,z) = Mo pu” e e V2 tlut (31)

NY2-kZ" Nr/a
where equation (31} can be used as the enforced pressure at the face z = 0.

Equation (31) can also be used to drive plate models by first making a
change in variable r = x + a (where x is the outward distance measured from the

middie surface of the shell) and then appropriately passing to the limit as a+o
to obtain

_ 2 g% "J’Y-Z';k-21
p(x,2) = Mopu €
NyTRE

e‘iYZ e+iwt (32)

e decermination of fluid loading on face z = L

On this face we choose to absorb the incident pressure wave with an
absorber type boundary condition rather than load it explicitly with equation
(29) evaluated at z = L. This approach is consistent with the manner in which
the shell was terminated. The relationship between pressure and applied forces
in a finite element formulation is that the normal gradient of the pressure is
proportional to the finite clement model force. Therefore, the gradient of

pressure pormal to the cut, z = L is needed and given by (with equation (5)i(+yz-wt)
arguments?

3

-]

l

5= iyp(r,z) (34)

Q)

and since for steady state problems,

3P -_
3t - ~lop
it follows
9P _ -y P - -Y &
7 o 3t-w P’ (35)
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is the boundary condition to employ along the vertical fluid cut z = L. For
direct acoustic fluid elements (ref. 6), the finite element nodal force is
related to the normal gradient by the relaticn

Fo [{N}T B, ds (36)

where [N] is the e'ement shape function. For lumped force applications, equa-
tion (36) is represented as, (where n' is the unit normal to the fluid and AA
is an appropriate amount of area surrounding the node at the point of the Fy,

application]

= AP
Fn AAan' (37)

and upon substituting equation (35) intc (37) one obtains

= Y
F = A D (38)
and represents the nodal force on the fluid as being proportional to the pres-
sure time rate of change. Thus the internal force in a damper attached to the
node would te equal and opposite in value and given by

damp

F.

= aan LD
n "AAwp

where the dempar value would be

P . AA direct pressure method damper
ch =24 (39)
d w (no analogy) for z = L face

In the case of NASTRAN, the acoustic fluid is modeled by way of an analogy
which reduces the elasticity equations to the Helmholtz equation by way of
introducing dummy constants into the material matrix and allowing the displace-
ment variable, u,, occupy the pressure variable (see ref. 3 for details). The
analogy has been”adcpted herein, consequently, an additional factor of pc2
appears in equation (37), and consequently the frequency dependent NASTRAN
axial damper needs to be modified by this same factor and thusly equation (39)
is regkﬁgﬁbgy(yep]agin903+q»ﬁ¥e~yconvertstoNASTRANconvention;thisresu]tsin

the sa since signs cance
(P = DAY oc? NASTRAN (ref. 3) analogy damper (40)
d w for z = L face, withydirectly from

appropriate characteristic equation.
It is.noted, that so long as Yis a real quantity (e.g., characteristic root
equation for Y is obtained from equation (12b)), the termination condition in
the z direction is a pure damper. However, where Y is complex (e.g., root from
equation (12a)) substitution of vy into the equation (40) damper will result in
a complex damper. The real part can be treated as above, but the complex part
will end up looking like a resistance (spring) when combined with the +iy
appearing as a multiplier in the assembled damping matrix in NASTRAN. Thus,
the imaginar: part of the damper (if it is present) can be apptied as a nodal
spring whose spring constant is

NASTRAN analogy spring

isA(-y] 2) . 2 i (with yi directly from
- + = -
( (y~ Pc?) (+iw) = -0A pc y appropriate characteristic
192equation}
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wherein for decaying waves, Y1 will be a positive number making the spring
constant positive.

. Equation (40) can equally be applied to plate mode! problems, upon proper]
1nterp;%ting AA. quatly PP P ' P s upon properly

e determination of fluid loading on outer face r = r,

Here on the outer radial fluid face, the boundary condition is developed just
as in the previous case, except that now the gradient has to be taken in the
direction of the outward normal (n' = r). Thus operating on equation (29) with
o )/ r and then employing the equation (30) large argument relations, the
following result is obtained

%E x -Nv2ok? p(r,z) (41)
Unlike equation (34), this result does not have a factor i relating the gradi-
ent of p and p itself, consequently, upon substition of equaiion (41) into

equation (37), one obtains

F, = -0A NYZ-kZ p (842)

and represents the nodal force on the fluid as being proportional to the pres-
sure. Thus the internal force in a spring attached to the node would be equal
and opposite in value and is given by

F'S1pg = +AA ,'Y2-k2 p

where the spring constant value would be

P _ TR direct pressure method spring
KP = A Ny2-k2 (no analogy) for r = p face (43)

and in the case of employing the ref. 3 pressure analogy, the counterpart of
equation (43) is

kP = M pct NYZkZ" NASTRAN (ref. 3) analogy (44)
spring for r = r, face

When y is a root of equation (12b) (y2 > k2), equation (44) implies a real
spring is all that is needed. However, when vZ < kZ, and equation (12a) is
employed, the roots, y, are, in general, complex which implies that equation
(44) will have a real and imaginary part. The real part of KP is still a
spring, however the imaginary portion can be converted into a damper by divid-
ing the imaginary part coefficient (not including i) of equation (44) by w (to
compensate for the ( multiplied in by the complex stiffness formation).

Equation (44) can equally be applied to plate model problems,upon appropri-
ately interpreting AA.
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Limitations of Membrane and Flexural Wave Modeling

The scope of this study is limited to a driving frequency region where the
influence of plate rotary inertia and shear deformation on the flexural motions
are not important. In fact, this is the limitation of the propagating wave-
length formulas given earlier. The ability of NASTRAN to account for these
higher order effects is a topic all in itself and will not be addressed in this
paper wherein stiffness and mass formulations along the lines given in ref. 7
must be considered.

Although we are interes*ed in both plate and shell propagating waves, the
classical plate theory (CPT) can provide insight with regard to the point at
which theabove mentioned correction factors are needed. The CPT is defined
here as the special case of equation (1) with a > . Midlin's classical paper
(ref. 4) provides a guideline for when the characteristic wave equations pre-
sented herein no longer predicts the proper waves number roots, y. As pointed
out in ref. 4, the exact elasticity solution to the same problem shows that CPT
can predict the correct flexural wave numbers when the corresponding 27 /vy
wavelengths are long in comparison with the thickness of the plate. As the
wavelength gets smaller, the exact elasticity solution traveling wave phase
velocity (w/y), has as its upper limit, the velocity of the Rayleigh surface
wave. Hence the CPT cannot be expected to give good results for the wave num-
bers, y, as the driving frequencies get increasingly large. Reference 4 pro-
vides a plot of propagating phase velocity = w/y {non-dimensionalized with
respect to the shear wave velocity ¢g = N Ghg ) versus the plate thickness
(non-dimensionalized with respect to the flexural wavel2ngth, 27/ vy for a fixed
Poisson's ratio (v= 0.5) and is reproduced here as Figure 3. The CPT -*raight
line plot, curve II, is nothing more than equation (9) rewritten in the form

Cy . h 2n (44
] ——— a)
¢s Ay Ng(1-v)

and is compared against curve 1, the exact elasticity solution. Curves III,
IV, and V are different combinations of adding rotary intericr and shear cor-
rection factors. Figure 3 suggests that the shear correction acdition has the
biggest impact on correcting the CPT case. The shear thickness parameter 72,
in the NASTRAN CCONEAX elements appears to attempt to account for shear
effects, however, this point has not been pursued with regard to attempting to
make NASTRAN propagate flexural waves for h/AY > 0.15 .

The results in Figure 3 suggest that a h/'\Y (plate thickness-to-flexural
wavelength ratic) of limit of 0.15 be maintained, i.e.,

{‘;s 0.15 (45)
or equivalently,

h

£ 20,15 (45a)

where vy is the flexural wave number root of the problem at hand. The Timit
given by equation (45a) employed Figure 3 which is a plot based on a fixed
Poisson's ratio (i.e., v = 0.5), The guideline formula can still be used for
other vaiues of Poisson's ratio due to the weak dependence of the plots on v .
In fact, for the common case of v= 0.3, a value of h/\, = 0.15 implies a
cY/cS ordinate of 0.4598 for the CPT case and a value of 0.4032 in the exact
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theory case. However, for v = 0.5, a h/), = 0.15 implies a CY/CS ordinate of
0.5441 in the CPT case and a value of 0.4329 in the exact theory case (computed
from equation (40) of ref. 4). Thus, illustrating the Figure 3 v = 0.5 case is
an extreme case (e.g., 17.5% deviaton for v = 0.5 compared to 14.0% for v =
0.3) with regard to the point at which CPT deviates from the exact theory.

Thus, to test inequality (45a), one simply employs the appropriate charac-
teristic equation developed (e.g., equation (12b)) and after obtaining the
flexural wave -oot Y, verify whether in equation (45a) is satisfied.

Comments on Mass Matrix

The issue of an appropriate mass matrix for dynamics problems has 1long
been a topic of discussion in the literature on finite elements. Here we take
the simpliest approach, namely that of a diagonal lumped mass matrix for the
shell. Upon employing the lumped approach, for say CCONAX elements, NASTRAN
generates zero valued rotary inertia mass matrix contributions. To fill this
void, the work by ref. 8 was employed wherein the suggested diagonal rotary
inertia terms at a node would be given by

ep2 2
_ mSL 1 h
L = =1 [10*(2)] (46)
for the single element contribution at a rotation degree-of-freedom node where
mé is the total mass of the element, £ is the element length, h the element
thickness. Thus end point nodes with one element framing into the node employs

equation (46) once and internal nodes with two elements framing into the same
node applys equation (46) twice.

DEMONSTRATION PROBLEMS

A series of limited, yet fully representative, demonstration problems are
presented here to illustrate the use of the procedures aiscussed in the theo-
retical section. First an in vacuo cylindrical shell is treated employing three
different mesh distributions. Secondly, the same shell (employing the finer
mesh distribution) is solved with external water present. All solutions are
obtained with COSMIC SOL-8 employing the VAX computer version of NASTRAN.

In Vacuo Cylinder Example

An infinite cylindrical shell is excited and is propagating a constant
amplitude harmonic wave in the plus z direction. The shell (shown in Figure 1)
is cut at points A and B and is modeled as a 3.2 inch long,20 element CCONEAX
finite element model shown in Figure 4 (in the in vacuo case considered here,
the fluid is omitted in the model). The point A (incident side of the shell)
js driven with equations (23) and is terminated with three boundary dampers
sized according to equations (27). The problem parameters correspond to the
following data
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40.0" , h=0.20" , E = 154,149.39 psi

a
(47)
v=0.3  , pg=0.000048, = 9749.99 rad/sec

wherein the corresponding wave number roots to the characteristic equation (20)
are given by

¥y = 0.163949685 for the membrane root
and (48)
vy = 1.67707302 for the flexural wave root

hence the membrane wavelength is 12.566 inches and the flexural wavelength is
3.7465 inches.

® flexural wave example

The shell termination dampers at cut B are computed vpon substitution of
the equation (48) flexural wave root into equations (27) to obtain

Cy = 4.8819909 CQ = 13.7309605 CN = 14.0269417 (49)

and the shell edge forces, for an arbitrarily selected driven amplitude of

Wo = 1.0 x 1076, at the driver cut end A are obtained by substituting the flex-
ural wave root into equations (23) to obtain (supressing the exponential time
factorwhere dampers are installed with DMIG cards ):

Mh = 7.9827681 x 102 GA = 0.1338768 ein/2

Nb = 6.175285 x 10-4

(50)
The rotary inertia mass entries are computed with equation (46). The corre-
sponding NASTRAN input is given in Figure 5 for reference purposes. The exact
solution is a constant amplitude displacement wave varying as

W= W e1(-yz + wt)

Consequently, the exact solution is easy to plot and is simply a constant mag-
nitude radial displacement of magnitude Wy = 1 x 10-6 and whose phase angle
rolls off linearly with z and reploting with spatial period 2n/y. The exact
solution versus the NASTRAN solution is given in Figure 6 and shows good
agreement between the exact solution and the corresponding NASTRAN solution.
Since the model element spacing is 0.16 inches, the solution model is a 23%
element per wavelength case. In order to investigate the influence of mesh
size on solution accuracy, the same 3.2 inch model was run for two coarser
meshes; one having 5 elements and the other having only 3 elements. The same
dampers and edge loads are reapplied to the coarser models. The resulting
solutions are shown in Figure 7 and as can be seen, the quality of the solution
(i.e., the ability of the cylindrical shell to propagate flexural waves) has
degraded over the finer mesh example, particularly for the three element shell.
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® membrane wave example

Again, the 20 element model is considered, except in this case, we propa-
gate a membrane wave along the +z direction of the same cylindrical shell con-
sidered for the flexural wave example. The procedure is exactly the same here,
except that the membrane root (first of equations {48)) is employed to compute
the shell termination dampers and driving moments and forces. Thus, substitut-
ing the membrane root into equations (27) and (23), the model dampers and edge
loads are in this case:

Co = 0.4772607  Co = 0.012828529  Cy = 143.484479
and

M3 = 7.6290549 x 10-4 QA = 1.2507811 x 10-4 ein/2

NA = -29.909871

z

The solution response for the dominant axial motion is plotted in Figure 8 and
is non-dimensionalized with respect to the, Ug, axial wave amplitude magnitude
(by equation (15), |Ug| = 21.37985 x 10- -6 when Wo = 1.0 x 10-6). The radial
deflection, non- d1mens1ona11zed with respect to w , is given in Figure 9, The
quality of the solution is seen to be very accurate as would be expected since
the wavelength is substantially longer than the flexura] wave example (e.g.,
(27/.0163949)/0.16 = 239% elements per wavelength.

Submerged Cylinder Example (Flexural Wave)

Again, the same 20 element cylindrical shell is considered, except here,
the shell is submerged in water (external water only where ¢ = 60,000. 1in/sec
and p= 0.000096). Substituting the equation (47) parameters into equation
(7b), and solving for the wave number roots, it is found that

Y = 0.164124528 for the membrane root
and (51)
Y = 2.51631787 for the flexural root.

Comparing the second of equations (51) to the in vacuo wave number, it is noted
that the presence of the fluid shortened the wavelength by a factor of=x2/3.
Substituting the flexural root into equations (27) and (23), the model dampers
and edge loads (for a Wy = 1 x 10-6 shell amplitude) are given by

Cg = 7.32505101 CQ 46.3811654 , Cy = 9.34867391

and

ﬁé = 0.179713448 , BA 0.452216160 eiw/2

Ny = 2.7283602 x 10-4
In addition, the z = L boundary cut damper is given through equation (40), the
43.2 inch fluid boundary spring by equation (44) and the z = 0 pres-
sure ?oading by equation (31). The pressure values are enforced by applying
the stiff spring approach, where the stiff spring constant is sized to be 1000
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times the regular pressure element stiffnesses and the applied force is the
pressure times the stiff spring. The actual data input is shown in Figure 10,
where the obvious repetitive pattern to the numbering system of Figure 4, per-
mits us to leave out most of the grid coordinate cards, element cards, and
fluid-to-structure DMIG connection cards while leaving behind representative
examples of each kind. The resulting response for the radial deflection is
plotted in Fiaure 11 and the corresponding pressure in the fluid (at the sur-
face of the structure) is plotted in Figure 12, Both the deformation and pres-
sure are seen to track the exact solution closely. A graphical representation
of the entire pressure field amplitude is shown in Figure 13 through employing
the PATRAN fringe color plotting feature. Plotting data in this fashion shows
bands of data having the same magnitude spread, as a single color. Narrow
bands at the surface spreading outward radially to increasingly wider bands
show the exponential type decay in the pressure field.

CONCLUDING REMARKS

The results in this paper demonstrate a procedure by which the NASTRAN
computer program can be employed to check the ability of the NASTRAN program to
model membrane and flexural waves existing in both in vacuo and submerged
cylindrical shells and flat plates. The study is 1imited to a range of fre-
quencies where rotary inertia and shear correction factors are not necessary to
model the corresponding wave propagation. For the demonstration problems con-
sidered, the wave propagation ability of the elements considered appears to
fall off rapidly, once lessthan 6 elements per wavelength are considered. For
example, in the 6 element per flexural wavelength problem, the worse nodal
point magnitude was in error by 12 % for the radial deflection, whereas the
error was 36.7% for the 3% element per wavelength example. It is recommended
that the user make his own test with regard to mesh fineness necessary to
achieve a particular level of accuracy. For example, when the propagating wave
root is in the neighborhood of a cutoff frequency (i.e., a condition where no
propagating wave exists), finer meshes than experineced in the demonstration
considered in this paper may be needed. For most cases experienced by the
authors, however, 10 elements per wavelength appears to provide good results
for properly modeling the wave propagation for flexure and membrane waves in
the kinds of elements considered herein.
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DYNAMIC CERTIFICATION OF A THRUST-MEASURING
SYSTEM FOR LARGE SOLID ROCKET MOTORS*

R. A. LeMaster and R. B. Runyan
Sverdrup Technology, Inc./AEDC Group

INTRODUCTION

The J-4 Rocket Test Cell and its Thrust Measuring System (TMS) at Arnold Engi-
neering Development Center (AEDC) were modified to provide multicomponent force
measurement of large solid rocket motors having nozzle gimbaling capability. To
verify the structural integrity of a combined TMS and motor system, a large finite
element model of the TMS and motor was developed using the MSC/NASTRAN computer
program. Due to the importance of obtaining accurate estimates for the dynamic
force levels, it was necessary to certify that the model adequately simulated the
physical system. This was accomplished by performing a modal analysis test on the
TMS and motor combination. The objectives of this paper are: (1) to discuss the
physical characteristics of the TMS and motor that influence the MSC/NASTRAN model;
(2) to compare the frequency response characteristics computed using the MSC/NASTRAN
model to those obtained from the modal analysis test; (3) to discuss the experiences
gained in modal analysis testing; and (4) to demonstrate how state-of-the-art exper-
imental and analytical methods are used in the design of ground test facilities.

Due to economic and/or time constraints associated with performing experimental
investigations on large, complex structures, the structural analyst racely has the
opportunity to determine how well his finite element representation simulates the
characteristics of the actual structure. Finite element calculations have been
shown to agree very well with experimental data for simple components. However,
little data is available concerning how well they agree for complex structures
comprised of many components. Since the TMS and motor combination are comprised of
structural components from aerospace, mechaniczl, and civil engineering disciplines,
the methods, results, comparisons, and conclusions drawn from this activity will be
of interest to the dynamics and structures community in general.

In the following sections, descriptions of the TMS, finite element model, and
modeling assumptions will be given in conjunction with the analysis methods. Subse-

quent sections will discuss the experimental effort and compare the experimental
data to the computed results.

The work reported herein was performed by the Arnold Engineering Development
Center (AEDC), Air Force Systems Command (AFSC). Work and analysis for this
research were done by personnel of Sverdrup Technology, Inc., operating contractor

of the AEDC Engine Test Facility. Further reproduction is authorized to satisfy
the needs of the U. S. Government,
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THRUST-MEALURING SYSTEM

During simulated altitude testing, the motor is restrained by a large fixture
which is referred to as the Thrust-Measuring System. The TMS is designed to react
and measure the six components of thrust developed by the motor, and is r:ted at
2.2 MN (500,000 1b) axial force and 222.2 kN (50,000 1b) side force. The 115 is
very massive, using eight W 36 x 400 beams to react the primary forces. The
location of the TMS within the J-4 Rocket Test Cell is shown in figure 1. Figure 2
shows the main thrust stand structure prior to installation in the test cell.

During testing, *he TMS is required to withstand large dynamic forces created
by ignition and gimbaling transients. The magnitude of the dynamic forces may be
several times the static values and is a function of the motor dynamics and its
interaction with the TMS.

The IMS contains a large number of structural connections, many or which con-
tain secondary members which intersect with primary memhers at odd angles. In
gceneral, the depth of the secondary members is significantly less than that of the
prinary member, and the secondary members are welded only to the flange or web of
the frame member. Consequently, the mechanical behavior of the connections is
quite ccmplex. Three typical connections are shown in figures 3a, b, and c.

Figure 3a shows one of eight connections where the main thrust-measuring system
structure connects to a 3.048-m (10 ft) support column. The support column is made
from 0.91-m (36 in.)-diameter thick-walled pipe and has longitudinal stiffeners
located every 36 deg arcund its circumference. As seen in figure 3a, several
secondary support and bracing members attach to the main girder and intersect it
at cdd angles at various locations (i.e., flange or web). Since the secondary
member intersecting the main girder web is much smaller than the mai. girder, the
plate behavior of the main girder web will influence the stiffness of the con-
nection.

Figure 3b shows another connection used several times in the TMS. Again, note
the relative size of the main girder and secondary member; the plate behavior of
the web will influence the connection stiffness characteristics. Also shown in
figure 3b is a typical triaxial strain gage accelerometer and mounting block instal-
lation. The orientation and positioning of the accelerometers and mounting blocks
are discussed in a subsequent section.

Figure 3c shows anoth-r typical connection in which the secondary members
intersect the main girder at odd angles, and are much smaller than the main girder.
Clearly, the load-deflection behavior of these connections will be quite complex.

FINITE ELEMENT ANALYSIS

Experience has shown that significant dynamic interactions may develcp during
ignition and gimbaling transients. The magnitudes of the dynamic interactions are
influenced by coupling between the vertical and lateral motion of the TMS as it
responds to the load transients. Therefore, it is necessary that the complicated
modes of vibration characterizing the TMS be adequately defined.

A large finite element model of the TMS and motor combination was developed
using the MSC/NASTRAN computer program. The finite element model of the TMS (shown
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graphically in figure 4) is comprised primarily of beam elements. Truss elements
were used to represent the load-measuring column behavior; the flexures were
treated as pinned connections. Experimentally obtained axial stiffness coeffi-
cients for the load-measuring columns were used to establish the equivalent prop-
erties of the truss elements.

The magnitude of the effort required to model the connections using three-
dimensional continuum or plate elements dictated that assumptions be made regarding
the kinematic behavior of the connections. It was often necessary to idealize a
connection as being either fixed or pinned; in some cases linear constraint equa-
tions were written to describe the kinematic behavior of the connections. This
type of connection idealization is universally used in the day-to-day application
of finite element programs to the analysis of frame structures; it is also one of
the more significant approximations. In later sections, the impact of the connec-
tion modeling assumptions will be discussed in light of the accuracy of the computed
modes.

Mass and stiffness matrices of the solid rocket motor were obtained from the
motor manufacturer and added to the structural model of the TMS. The case of the
motor was represented using shell elements, and the propellant was represented by
three-dimensional, continuum-type elements. A simplified material representation
of the propellant was used which represented its anticipated frequency respcnse
characteristics. However, the viscous character of the propellant was not con-
sidered.

The motor and TMS models were combined using standard substructuring methods
(references 1 and 2). Since the two models were developed by two different compa-
nies, it was not possible to use the automated substructuring teckniques available
in the MSC/NASTRAN computer program. Therefore, the partitioning and merging
matrix operations necessary to combine the two models were implemented through
direct matrix abstraction program (DMAP) modifications to the appropriate rigid
format solution modules. The partitioning vectors for both the motor and TMS
matrices were supplied as input in the bulk data decks. The mass and stiffness
matrices representing the motor were transmitted to and from permanent disc storage
using the INPUT4 and OUTPUT4 IO modules.

The combined TMS and motor model was used to compute the first thirtv natural
frequencies and mode shapes of the system. The system response to various excita-
tion sources was obtained through superposition of the modal responses. To make
the analysis more manageable, the integration of the uncoupled equations and the
subsequent summation of the modal responses were performed outside of NASTRAN, using
in-house software as illustrated in figure 5. Using this technique, stresses were
obtained in an interactive manner on an element-by-element basis. When it was
determined that the stress history in a particular element was required, the
stress-displacement matrix for that element was created using the geometric and
material data from the NASTRAN bulk data deck. The appropriate modal displacements
were subsequently determined using the eigenvalues and time histories of the
generalized coordinates; the appropriate stresses were then computed. This tech-
nique proved to be very efficient and significantly decreased the amount of periph-
eral storage required to retain the dynamic stress and displacement histories. The
only quantities saved were the time histories of the generalized coordinates and
the mode shapes, or eigenvectors. It was also very convenient since the analyst
did not have to specify which displacements and stresses he wished to have printed
out or retained prior to executing the actual analysis (as required by many finite
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element programs). This method also significantly reduced royalty costs associ-
ated with using MSC/NASTRAN, since NASTRAN was used only to assemble the component
matrices and compute the natural frequencies and mode shapes; all remaining com-
putations were performed outside of NASTRAN.

EXPERIMENTAL MODAL SURVEY

In recent years an impact testing technique commonly referred to as '"modal
analysis testing" has been developed which enables the natural frequencies and
modal properties of a system to be determined experimentally. In addition, the
mode shapes may be displayed in animated motion on a graphics computer terminal.
The modal analysis methods enable the structural analyst to study a particular node
of the structure and to compare the frequency and mode shape to those obtained from
a finite element analysis. 1In addition, the damping associated with a particular
mode can be obtained and used as input to the finite element model. One benefit of
the modal analysis method is that it provides experimental data in a form directly
compatible with the results of a finite element analysis. The analyst may then
evaluate which modes are accurately represented, and may gain insight as to how the
finite element model may be improved.

Modal testing requires both the excitation and the response of the structure
to be recorded. The excitation and response time histories are trznsformed to the
frequency domain, and the frequency response function relating the response to the
excitation is obtained. The selective acquisition of a family of frequency re-
sponse functions having a common excitation point enables the modal parameters of
the structure to be obtained. For detailed treatments on modal analvsis methods,
the interested reader is referred to references 2 through 10.

To adequately define the complicated mode shapes of the TMS and the motor
combination, three-dimensional accelerometer readings were required at 54 different
locations on the structure. This resulted in having accelerometer response data
at almost every major connection on the structure (figure 6). An actual motor
having an inert propellant was used to insure that the dvnamic characteristics of
the motor were properly represented.

The quality of the modal analysis results is directly proportional to the
quality of the excitation and respcnse time history data. A major problem at the
onset of the modal analysis effort was to determine how to excite the structure to
such an extent that the low-frequency response (1-30 Hz) of the structure could be
measured. It is a relatively easy matter to excite the high-frequency modes of a
structure, but to adequately excite the low-frequency modes of massive structures
is not as simple. 1In addition, a time constraint required that the modal testing
be completed within a short time, including instrumentation and hardware setup.

Impact Method No. 1

Two different instrumentation and impact device configurations were tried.
The basic idea behind the first setup was to obtain accelerometer response data at
as many locatlions as possible for each impact. The advantage of this approach is
that it enabled the experimental data to be obtained quickly. A major disadvantage
is that every channel of the data cannot easily be visually inspected cn an oscil-
loscope as the data are being recorded. Therefore, it is not known until the data
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are being reduced whether all channels contain good data.

Accelerometers available for this test were in the 5- and 10-G range and were
of the strain gage type. Computations performed using the finite element represen-
tation of the structure indicated that a 400-kN (90,000 1b) impact force would be
required to excite the low-frequency modes sufficiently to obtain a good signal.

A device designed to deliver the impact force, shown in figure 7, consisted of a
pendulum having a swing radius of 3.048m (10 ft). The pendulum bob fa 10.16-cm
(4 in.)-diam by 60.96-cm (24 in.)-long steel cylinder] was allowed to swing free
and impact on the anvil containing a quartz force ring; it was manually caught on
rebound to prevent multiple impacts. The pendulum impact device was designed to
excite modes having a significant participation in the lateral direction.

Several problems were encountered which limited the usefulness of the pendulum
impact device and associated instrumentation. These are listed below:

1. The impact device did not yield clean impulse time domain profiles and
corresponding frequency spectra. Discontinuities in the impact anvil and
force ring assembly resulted in partial reflection of the impact force,
and the "hammer" chattered with the anvil surface during contact. Details
of the anvil assembly are shown in figure 8,

2. Instrumentation problems prevented obtaining good data on all recorder
channels for a given impact.

3. The accelerometers we e not sensitive enough to obtain good signal-to-
noise ratio signals.

Imnact Method No. 2

To overcome the problems encountered wi:h the high energy impact setup, a
commercially available instrumented sledge hammer and a high sensitivity seismic
accelerometer, shown in figure 9, were used. The sledge hammer is capable of
developing up to a 22-kN (5,000 1b) impact load, and provided a flat impulse spec-
trum over the frequency range of interest. The seismic accelerometer has a rated
sensitivity down to 10-6 G, and weighs approximately one-half kilogram (one pound).
Response data obtained using this hardware were on the order of 10-3 ¢. Compared
to the first impact device, the instrumented sledge hammer provided a relatively
low level energy input into the system.

The data were obtained using a roving accelerometer procedure in which a single
accelerometer was moved to the various response locations; the impact location was
considered the reference point throughout the modal analysis. To obtain acceler-
ometer response data in three orthogonal directions of each data location on the
structure, it was necessary to install mounting blocks at each location. The
mouriting blocks were fabricated to provide a flat surface perpendicular to each
of the three measurement directions. A typical mounting block is shown in figure
3b, with a triaxial accelerometer mounted on its top face.

Since only one single-axis high sensitivity accelerometer was available, it
was necessary to relocate the accelerometer in each of the three measurement
directions at each measurement location. This was the most time~consuming opera-~
tion of the entire job., Tc ensure that all modes of the structure had been excited,
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three different impact points having different impact directions were utilized.
All three impact points were located on the aft firing ring of the motor.

This method requires considerably more time than the previous method. However,
since only one pair of response and impact time signals was being recorded simulta-
neously, it was possible to view both the input and response signals on an oscillo-
scope as they were being recorded. This made it possible to ensure that good data
were obtained at each response location. This proved to be a very important
feature.

COMPARISON OF EXPERIMENTAL AND ANALYTICAL RESULTS

A comparison of the computed and experimentally determined frequencies and
mode shapes is shown in Table I. As seen in Table I, the frequencies and general
shape of the modes agreed very well for most of the modes. An evaluation of the
results of this comparison shows that the finite element model was capable of
computing those modes which were associated with the load-measuring columns and
motor combination. In addition, the shell-type modes of the motor were represented
well. However, modes controlled by the accumulated flexibility of the large
structural beam connections (4, 5, and 8 of Table I) were not in good agreement.

CONCLUSIONS

This investigation concludes that state-of-the-art structural analysis comput-
er programs such as NASTRAN can be used to successfully represent the dynamic
characteristics of large thrust-measuring systems. The finite element model must
include accurate representations of all major componente comprising the system
(i.e., thrust butt, load-measuring columns, motor, and propellant). However, it
was also observed that the finite element models of frame structures which utilize
kinematic constraints to represent complex connections may not represent all modes
of the structure accurately. Fortunately, for the situation under consideration,
the inaccurately represented modes did not contribute significantly to the response
of the critical members.

The dynamic certification effort was considered successful since the exper-
imental data indicated that the dominant modes expected to respond to the ignition
and gimbaling transients were adequately represented by the combined finite element
model of the motor and TMS.

The modal analysis results identified areas in the TMS which were "dynamically
sensitive,”" and a care’ul review of the animated mode shapes suggested design
changes which would improve the dynamic characteristics of the TMS.

The commercially available instrumented sledge hammer and seismic acceler-
ometer combination provided the highest quality data, and enabled the data to be
reviewed as it was being taken. The ability to inspect the data in the field
proved to be very desirable when this type of experiment is performed. It was
concluded that relatively low input force levels can be used to excite the low-
frequency modes of massive structures by tuning the impact spectrum of the hammer.

The quality of the animated mode shape displays was adequate to determine
the basic motion of the structure. However, in most cases one or more of the
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points in the animated display of the structure were in obvious error. In addition,
it was difficult to discern exactly how the structure was deforming during some of
the higher frequency modes.

Modal testing is a valuable tool for discerning the adequacy of a finite

element representation, and can be successfully applied to very large structures
used in ground test facilities.
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Figure 1. Thrust-Measuring System Installation
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Table I. - Experimental and Computed Natural Frequencies

S¢eC

MODE | EXPERIMENT | COMPUTED
NUMBER (H2) (H2) DESCRIPTION OF MODE SHAPE
1 5.2 5.2 First lateral mode of motor in yaw
direction.
2 5.6 5.6 First lateral mode of motor in pitch
direction.
3 6.5 6.9 First rotational mode of motor.
4 1.5 Out-of-phase bending of inner thrust
butt girders.
88 16.4 Breathing motion of thrust butt girders.
10.8 11.9 Vertical motioin of motor on axial load
column.
T 12.2 12.7 Second lateral mode of motor in yaw
direction.
8 13.4 18.1 Out-of-phase bending of thrust butt
main girders.
9 14.0 14.7 Second lateral mode of motor in pitch
direction.
10 18.2 18.2 Lateral bending of X bracing and first
bending mode of motor.

*Was not computed.
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DETERMINATION OF ELEVATOR AND RUDDER HINGE FORCES
ON THE LEARJET MODEL 55 AIRCRAFT

Robert R. Boroughs and Viswa Padmanabhan
Gates Learjet Corporation

SUMMARY

The empennage structure on the Learjet 55 aircraft was quite similar to the
empennage Structure on earlier Learjet models. However, due to an important struc-
tural change in the vertical fin along with the new loads environment on the 50
series aircraft, a structural test was required on the vertical fin, but the hori-
zental tail was substantiated by a comparative analysis with previous tests.
NASTRAN analysis was used to investigate empennage deflections, stress levels, and
control surface hinge forces. The hinge force calculations were made with the
control surfaces in the deflected as well as undeflected configurations. A skin
panel buckling analysis was also performed, and the non-Tinear effects of buckling
were simulated in the NASTRAN model Lo more accurately define internal loads and
stress levels. Comparisons were then made between the Model 55 and the Model 35/36
stresses and internal forces to determine which components were qualified by previ-
ous tests. Some of the methods and techniques used in this analysis have been
described in the following paragraphs.

INTRODUCTION

Features in the 55 empennage <ection that were identical to previous Learjet
models included the horizontal taii, elevators, and the upper portion of the verti-
cal fin and rudder (see figure 1). The most significant change in the empennage
occurred in the lower portion of the vertical fin and rudder which were expanded
using the same taper ratio and airfoil contour as the upper portion so that the
total height of the vertical fin and rudder was increased by approximately 15 inches.
Since the vertical tail increased in size and the vertical fin spar depths and
spacings changed at the intersection with the tailcone, an entirely new tailcone
section was designed to support the empennage section. Control systems for the ele-
vators and rudder were nearly the same as the previous controls in this area with
the exception of the 15 inch height increase in the vertical tail and the geometry
changes in the tailcone.

Construction in the vertical tail consisted of five spars and eight ribs made
of bent up aluminum sheet metal covered with an aluminum skin. The rudder was
assembled with one spar, eleven ribs, and a thin skin cover, all of which were alum-
inum sheet metal fabrication. Support for the rudder was accomplished through
three hinge points. Two of these hinges, the top and center attachments, connected
the rudder leading edge to the rear spar of the vertical stabilizer while the third
hinge point, or bottom support, was attached to the aft side of frame 48 through a
torque tube and bracket support assembly (see figure 2). Near the lower end of
this torque tube was mounted a bellcrank assembly which provided the means for
actuating and controiling the rudder surface.
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Structural arrangement of the horizontal tail included a forward and rear spar
with three intermediate stringers on both the upper and lower surfaces, seven ribs
per side, and upper and lower skin panels. The elevators were one spar airfoil
sections with nine ribs per side which were covered with an aluminum skin. Each
elevator was attached to the horizontal stabilizer by three hinge points along the
elevator leading edje. The (ip and center span ninges both connected directly to
the rear spar of the horizontal stabilizer, but the inboard hinge attachment was
very similar to the lower hinge on the rudder. The elevator inboard hinge consisted
of a torque tube assembl: which was supported at the horizontal stab‘lizer rear spar
and aircraft center line by a bracket assembly. This bracket installation served
as a support for bo*h the right hand and left hand elevators at the inboard end
(see figure 3). Actuation and control of the elevators was achieved through indi-
vidual belicranks on the inboard end of each torque tube. These bellcrank assem-
blies were then connected by a push rod linkage system which extended through the
vertical stabilizer to a control system sector in the fuselage tailcone.

SYMBOLS
As X, Y, and Z components of a point at the origin for a CORDZR card
a rotation about the x axis for element internal forces
B X. Y, and Z components of a point on the Z axis for a CORDZR card
R rotation about the Y axis for element internal forces
Ci X, Y, and Z components of a point in the X-Z plane for a CORD2R card
Fip internal force component
Y rotation about z axis for element internal forces
Hg coordinate values of a deflected control surface transformed to the
basic system
Hy. coordinate values of a deflected control surface in a Tocal system
Ay coordinate values corrected for hinge line sweep
Hg coordinate values corrected for control surface rotation
A hinge line sweep
T transformation matrix for hinge line sweep
Te transformation matrix for control surface rotation
6 contrel surface rotation
X first coordinate of a point in a local rectangular system
y second coordinate of a point in a local rectangular system
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z third coordinate of a point in a local rectangular system

X first coordinate of a point in the basic rectangular system

Y second coordinate of a point in the basic »ectangular system

z third coordinate of a point in the basic rectangular system
BACKGROUND

Since the Model 55 empennage structure was very similar to the Model 35/36
empennage structure and other earlier empennage structures, Learjet was faced with
the situation on the 50 series development program of determining which structural
jtems were qualified by previous certification tests and which structural items
needed to be requalified. /he vertical tail and tailcone support structure was
obviously one area which had to be qualified by structural test, since the height
of this component had been increased on the 50 series aircraft. A portion of the
NASTRAN analysis on that structure has been detailed in NASA CP-2151 (see ref. 1)
and consequently has not been addressed in this :ext. However, a description of
the NASTRAN analysis performed on the rudder and rudder hinges was not covered in
that document and has been incorporated in the body of this paper.

A review of the loads for the 50 series aircraft helped to further clarify
some of these questions, but for some structural components the answer was not
obvious and more study was necessary. One area where this was particularly true
was the horizontal tail installation. This situation was mainly due to a revised
loads definition for the horizontal tail where the combination of new loads was not
directly comparable to the older load conditions. Also, a faster method was needed
fer calculating elevator hinge forces for the various load conditions and deflected
elevator configurations. Previously, hinge forces had been calculated using methods
which were very tedious, time consuming, and not very adaptable to changes in
elevator position.

To help clarify these questions a NASTRAN analysis was performed on the empen-
nage structure for the various load conditions and control surface positions so
that a comparison could be made hetween the deflections, stresses, and internal
loads on the 55 empennage with the 35/36 empennage. Previous structural tests had
demonstrated that the horizontal stabilizer and elevators on the 35/36 aircraft
had the capability to sustain 150% of ultimate load (not limit load) for two of
the more critical conditions on that airplane. The i50% of ultimate load tests
were performed to more accurately define the strength of the horizontal stabilizer
and elevators as well as establish the growth capability of this structure. Con-
sequently, a portion of the NASTRAN an2iysis was spent simulating the 35/36 load
conditions in order to establish a baseline for the 50 series analysis. Then the
50 series loads were applied to the NASTRAN model and a comparison was made between
these data and the 35/36 data. Using this approach Learjet was able to more
clearly define which elements were qualified by previous certification tests and
which members, if any, need to be qualified in the 50 series substantiation pro-
gram. This data base would also help to establish what componerts needed to be
quaiified in future growth versions and/or modifications to the existing config-
uration.
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MODELING CRITERIA

The NASTRAN mudel used to represent the empennage section included the ver-
tical stabilizer, rudder, horizontal stabilizer, elevators, and tailcone section
(see figure 1). The tailcone was utilized in the model to more accurately des-
cribe the flexibility and stiffness of the vertical tail, since the spars from the
vertical taii extended into and were attached to the tailcone. A significant por-
tion of the control system connecting the rudder and elevators was also modeled
to more accurately define the effect of control system flexibility on the deflec-
tion of the control surfaces and hinge forces.

Since this structure was geometrically quite complex, multiple local cgor-
dinate systems were used to simplify the modeling and to make the analysis easier
to perfarm for the different control system deflected configurations. Each frame
in the tailcone section was modeled in a local cylindrical coordinate system while
the vertical fin and horizontal stabilizer were modeled in a local rectangular
coordinate system. The rudder and elevators were all modeled in local rectangular
systems with the Y axis of each coordinate system defined along ti.e hinge line.
This type of coordinate system definition permitted the rotation of each control
surface about the hinge line by simply transforming the CORDZ2R card (see ref. 2)
rather than changing all of the grid point coordinates in the control surface to
reflect the deflected position. Rotation of the control surface about the hinge
line thus permitted the calculation of hinge forces for various control surface
movements. This technique also facilitated a study of vertical fin and horizon-
tal stabilizer internai forces and stresses for various contro! surface positions,

The model for this structure was approximately 5700 degrees of freedom in
size with 950 nodes and 2800 elements. Local coordinate systems totaled seven-
teen which consisted of both rectangular and cylindrical reference systems. Since
the results of previous static tests had indicated that skin panel buckling was
present, a buckling analysis was implemented to identify buckled skin panels and
to simulate this non-linear phenome~on in the NASTRAN analysis (see ref. 3). This
buckling simulation was achieved by replacing the original skin thickness of the
buckled panel with an effective skin thickness which represented the stiffness of
the buckled configuration. The buckling analysis and effective skin thickness
calculation were performed by a computer program which was set up to run as a post
processor to the NASTRAN program, This process generally had to be repeated
several times in order to obtain a convergent solution. A more detailed descrip-
tion of the theory behind this analysis has been presented in NASA TMX 3428 and
further discussion will not be covered in this text.

TAILCONE

Incorporaticn of the tailcone section with the empennage model was dcne to
more accurately define the stiffness relationship betwezn these two components.
Representation of the tailcone section included the stoucture from frame 39 to
frame 48 (see figure 1). The modeling of this structure was accomplished by
defining the grid points at each frame and stringer intersection in a lucal cylin-
drical coordinate system in the plane of the frame using CORD2C cards (see ref. 2).
NASTRAN members used to model this structure were BAR elements for the frames,
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nificant structural carry through capability and was omitted to conserve degrees
of freedom. The keel beam structure that extended from frame 39 to 41 in this
section was modeled using CONROD elements for the caps, SHEAR elrments for the side
webs, and QDMEM2 elements for the horizontal webs.

VERTICA~. TAIL

Two separate local rectangular cocrd..ate systems were used to facilitate the
definition of grid point locations in the vertical fin and rudder (see figrre 2).
The local rectangular coordinate system for the vertical fin was defined using a
CORD2R card with the origin located on the center line of the airplane at the inter-
section of the vertical tail leading edge and the tailcone upper surface. The X
axis was defined as positive aft, the Y axis was defined as positive up, and the Z
axis was defined as positive left hand outboard. The local rectangular coordinate
system for the rudder was defined using a CORD2R cara with the origin on the rudder
hinge line at the lower end of the rudder torque tube. Jrientation of the ¥ axis
was positive aft and slightly down (for zerc degree rucder deflection), the Y axis
waibpositive up along the rudder hinge line, and the Z axis was positive left hand
outboard.

Grid points were Tocated at the intersection of the spar caps and rib caps
on both the right hand and lef* hand outer contours of the vertical tail. The
spar caps in the region of the fuselage frames were modeied using BAR elements
while the remainder of the spar caps and rib caps were simulated by CONROD elements.
Skin panels were represented by QDMEM2 members, although there were some triangu-
far, TRMEM, membrane elements used to describe intricate corners. SHEAR elements
were used to represent .he spar and rib webs.

Attachment of the rudder to the vertical fin was accomplished through two
hinges from the aft spar of the verticai fin to the leading edge of the rudder.
The hinge model consisted of a framework of eight CONRODs that connected the hinge
point to a rudder rib on the aft side and to a vertical fin rib on the forward
side. The first group of four CONRODs, or the aft hinge, connected the hinge point
to four points on the adjacent rudder rib, while the second group of four _LONRODs,
or the forward hinge, connected the hinge point to four grid pc.nts cn the adjacent
vertical fin rib (see figure 2). This method of modeling facilitated an easier
computation of hinge lvads through a resolution of forces in the CONRODs into
forces in a predefined coordinate system by using a series of transformation equa-
tions. The torque load in the rudder was restrained by a bellcrank mounted on a
torque tube whose axis coincided with the hinge 1ine of the rudder. This torque
tube was attached to the bottom uf the rudder on one end and to a bracket support
on the aft side of frame 48 on the other end. BAR elements were us2d to model the
torque tubes and the bellcrank assembly which actuated and controlled the rudder
rotation at the bottom of the torque tube. Modeling of the bracket support on
;rameh48 was accomplished using CONRODs for the stiffeners and QDMEM2 membranes
or the webs.
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The horizontal tail consisted of the horizontal stabilizer and right hand and
left hand elevators. Attachment of the horizontal stabilizer to the vertical fin
was accomplished through a hinge point on the top of the vertical fin between spars
three and four and a screwjack attached to the horizontal stabilizer apex and spar
two of the vertical fin. Rotation of the horizontal tail could then be achieved
through actuation of this screwjack. The elevators were attached to the rear spar
of the horizontal stabilizer through three hinges on each side.

Three separate local rectangular coordinate systems were created using the
CORD2R facility in NASTRAN to model the horizontal tail structure. These local
coordinate systems were used to describe the horizontal stabilizer, right hand ele-
vator, and left hand elevator. Layout of the horizontal stabilizer local rectan-
guiar coordinate systems was established with the origin located at the horizontal
stabilizer apex with the X axis positive aft, the Y axis positive left hard out-
board, and the Z axis positive down. Orientation of the left hand elevato. local
rectangular coordinate system was defined with the origin at the intersection of
the hinge line and aircraft c.ater plane with the X axis perpendicular to the hinge
line and positive aft, the Y axis coincident with the hinge line and positive left
hand outboard, and the Z axis perpendicular to the X-Y plane and pesitive down. The
right hand elevator local rectangular coordinate system was similar to the left hand
elevator with some differences in positive axes directions. The origin for the
right hand elevator cucrdinate system was the same as the left hand elevator; how-
ever, the X axis was perpendicular to the right hand hinge 1ine and positive for-
ward, the Y axis coincided with the right hand hinge 1ine and was positive right
hand outboard, and the Z axis was perpendicular to the X-Y plane and was positive
up. One important advantage of the separate coordinate systems for the elevators
was the ease and improved flexibility of analyzing the elevators and horizontal
stabilizer with the elevators in various deflected positions.

Grid points in the horizontal tail were specified in relation to the appro-
priate coordinate system depending on whether the point w.s in the horizontal
stabilizer, -ight hand elevator, or left hand elevator. [(ocation of the grid
points was defined by tne intersection of the spars and stringers with the ribs
and hv the exterior contour. As in the vertical fin, the spar caps, stringers and
rib caps were represented by CONRODs, the spar and ripb webs were SHEAR elements
and the skin panels were modeled using QDMEM2 and TRMEM members in the horizontal
stabilicer while QUAD2 and TRIA2 elements weve used in the elevators. BAR ele-
ments were used to simulate the elevator trailing edges.

Attachment of the elevators to the horizontal stabil® aer rear spar was accom-
plished by three hinges on each elevator. These hinges were designated by the
spanwise location and were referred to as the inbocrd hinge, center ninge, and tip
hinge (see figure 3). The center and tip hinges were modeled as a framevork of
eiynt CONRODs that connectec¢ the hinge point to an elevator rib and a horizontal
stabilizer rib. The first group of four CONRODs, or aft hinge, connected the hinge

point to four grid points on an elevator rib, while the second group of four
CONRODs, or forward hinge, connected the hinge point to four grid poinis un a

horizontal stabilizer r1b (see figure 3). The torque load on the elevator was
reacted by a bel.crank mounted on a torque tube whose axis coincided with the ele-
vator hinge line. There were two of these bellcrank/torque tube assemblies, one
for each side. The toraue tube attached to the elevator on the tube's outboard
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end and to a bracket support mounted on the horizontal stabilizer's rear spar on the
airplane center line on the tube's inboard end. Both torque tubes and bellcranks
were modeled using BAR elements, while the center Tine bracket support assembly

was modeled using CONRQODs.

CONTROL SYSTEM

A portion of the control system connecting the rudder and elevator has also
been included in the modeling of the empennage section to more accurately define
the effect of control system stiffness on the deflection of these control surfaces
and in particular the associated hinge forces. Rudder motion on the Learjet M55
aircraft was accomplished by rudder pedal movement which was transferred by a
closed Toop cable assembly which drove a bellcrank mounted on the rudder torque
tube (see figure 4). The aft portion of this cable system was included in the
finite element moael and was represented by CONROD elements with the side of the
closed loop cable system that was not in tension removed. The CONROD elements
representing the cables were extended into the tailcone section where the forward
end of this member was attached to a pulley which was restrained against r~tation.

Elevator deflection on this aircraft was achieved by control column movement
which was transferred through a closed loop cable assembly and a push-pull rod
linkage system. The upper portion of the push rod system corsisted of two round
tubes which were attached to the bellcranks on the left and right elevators respec-
tively. The other end of these two push roas were joined to a down spring linkage
mounted on the aft side of spar three in the vertical fin. A single round tube was
used in the lower portion of the push rod system. This shaft was connected to the
down spring linkage on the top end and to a sector on the bottom end (see figure 5).
The portion of the elevator control system that was included in the empennage
model consisted of the elevator bellcranks, upper push rods, down spring lirkage,
and Tower push rod which was constrained at the lower end for the NASTRAN aralysis.
The grid points that defin2d the top and bottom points of the Tower push rod were
defined in separate Tocal cylindrical coordinate systems. This was done so that
these grid points couid be moved with the elevator motion by using a simple set of
transformation equations. The push-pull rods were modeled with CONRODs, whereas
the bellcranks and down spring linkage were represented by an assemblage of BAR
elements.

The horizontal stabilizer rotation about the hinge point between spar three
and four on top of the vertical fin was achieved by a screwja:k actuator attached
to the horicontal stabilizer apex. A BAR element was used to represent the screw-
jack. One end of this BAR element was attached to a fitting on the forward side
of spar two in the vertical fin, and the cther end was connected to a fitting
mounted on the horizontal stabilizer center line. The fittings that attached the
screwjack actuator at both ends were also modeled using BAR elements.
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LOADS AND CONSTRAINTS

Many different load conditions were analyzed using the NASTRAN empennage model.
A correlation analysis was performed on the horizontal tail using a positive gust
with top roll moment load condition from the 35/36 fatigue test spectrum. This load
case was selected basically because earlier tests did not have sufficient instru-
mentation to perform a correlation analysis, and this particular case was one of
the higher load conditions in the 35/36 fatigue test spectrum. Since the corre-
lation analysis for the vertical tail was described in a previous NASA paper (See
ref. 1), the results of that work were not presented here. The analysis of the
Learjet 55 vertical tail described in this paper was directed mainly at rudder
hinge force calculations. The load case applied to the vertical tail for these

rudder hinge force calculations was a maximum side bending with rudder kick load
condition.

NASTRAN runs were made for all of the 35/36 horizontal tail static test loads.
These conditions were run in order to establish a baseline for the Model 55 analy-
sis so that a letermination could be made as to whether any of the 55 horizontal
tail internal i10ads and stresses exceeded those on the 35/36 horizorntal tail. Since
some of the 35/36 load cases were tested to 150% ultimate locad, there was good
reason to believe that the 55 horizontal tail load conditions were covered by the
previous 35/36 static tests. The 35/36 loads were applied to the horizontal sta-
bilizeg and elevators with theoelevators in the neutral, or undeflected position,
the 15 up position and the 15° down position. The loads definition for the Model
55 horizontal tail was somewhat different from the 35/36 horizontal tail. There
were many inore load cases for the Model 55 airplane than for the 35/36 airplane,
and a direct comparison was not easily achievable for many of these conditions.
Consequently, internal loads and stresses were determined for the 55 horizontal tail
load conditions with the elevators in the undeflected and deflected positions using
NASTRAN analysis in order to establish a common basis for comparison with the 35/36
internal loads and stresses.

L.oads were applied to the vertical fin, rudder, hcerizontal stabilizer and
elevators using FORCE card images (See ref. 2). These forces were applied at the
grid points to simulate the shear, bending and torque envelopes for these air-
foil surfaces. A computer proyram was written which accepted concentrated forces
from the test loads data as input and redistributed these forces proportionately
to the four nearest grid points according to the distance from those nodes and
generated FORCE card images as output.

Constraints for the empennage model were applied at several locations. The
majority of constraints were applied along the perimeter of frame 39 (See figure 2)
in all three translational degrees of freedom at the frame and stringer inter-
sections. Other constraints were applied to the rudder control system and elevator
c~ntrol system. The rudder control system was constrained by attaching the forward
end of the tailcone rudder cable to a frame in the tailcone section. The eievator
control system was restrained by using SPC, single point constraints, (See ref. 2)
on the three translational degrees of freedom at the bottom end of the Tower push
rod (See figure 2).
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CONTROL SURFACE ROTATION ORIGINAL PAGE 8
OF POOR QUALITY

Grid coordinates on the control surfaces were specified with respect to the
appropriate rudder or elevator local rectangular coordinate system. These local
coordinate systems were initially defined for the control surface in the undeflected
position. However, the control surface couid be deflected or rotated without
changing the grid point coordinates merely by rotating the local coordinate system.
This was accomplished by modifying the CORDZR card image in the bulk data deck by
transforming the original axes reference to a new axes reference.

The CORD2R card image in the bulk data deck for each control surface defined
a rectangular ccordinate system by reference to three points. The first point "A"
(A1, A2, A3) defined the origin of the local coordinate system (See €igure 6). The
second point "B" (B1l, B2, B3) defined the direction of the "Z" axis, and the third
point “C" (Cl, C2, C3) defined a point in the X-Z plane. The basic coordinate system
was used as the reference system for these points (See ref. 2). The origin for the
basic system was defined at fuselage station (F.S.) 0.00, butt line (B.L.) 0.00,
and waterline (W.L.) 0.00 with the "X" axis positive aft, "Y" axis positive left
hand outboard, and the "Z" axis positive down. Components of A, B, and C were defined
on the CORDZ2R card image by means of a simple series of transformations described by
the following matrix equations.

OISO

The equation shown above converts coordinates in a swept deflected control
surface to coordinates in a swept undeflected control surface. Equation (2) shown
below transformed the coordinates in equation (1) to coordinates parallel to a
fuselage reference system corrected for the hinge line sweep angle A.

b b))

Substituting equation (1) into equation (2) and then referencing these values
to the basic system with an HGO matrix resulted in equation (3).

SISO IR S I

Equation (3) was used to calculate the components of points "B" and "C" on the
CORD2R card which defined the rotated control surface.

HINGE LOAD CALCULATION

As indicated previously, the hinges were modeled using CONRODS and/or Bar elements.
Since the hinge point had to be in equilibrium under the action of the internal element
forces, the resultant of the forces from the elements on the aft side of the hinge line
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must be equal and opposite to the resultant from the elements on the forward side
of the hinge line. This force on the forward hinge member was defined as the hinge
force for each of the control surface support points.

Internal forces in the CONRCDs and BARs were extracted from the NASTRAN output
for a given load case. The forces in the hinge elements were then rotated into a
common coordinate system through a series of transformations (See figure 7). The
three force components in the element coordinate system were then defined as Fyg, Fy,
and Fzg. Orientation of the element coordinate system was defined by the two end
points of the member and a V vector, if the element was a BAR (See ref. 2). Ele-
ment grid point components xp, yA, zp and xg, yg, 2g (See figure 7) established the
basis for transforming the element forces to a common coordinate system. This was
accomplished by rotating, or transforming, these forces through three angles a, B,
and y. Upon calculation of these three rotations, the transformation matrices were
formed as shown in figure 7. The element forces Fy., Fyg, and Fzg were then resolved
in the ~ummon X, Y, Z directions, and then the hingg force components were determined
hv <uaning the resolved individual element forces.

A small compiter program was written to perform the transformation from the
element coordinate system to the common reference coordinate system. This program
also accounted for the effect of control surface rotation. Hinge loads were com-
puted on both sides of the hinge line as a check on the transformation calculations.
The hinge loads at all the hinge points plus the loads at the intersection of the
torque tubes and bellcranks were also summed to check the equilibrium of these hinge
loads with the control surface applied loads.

BUCKLING ANALYSIS

A comparison of skin cover compressive stresses with the corresponding panel
buckling allowables indicated the presence of skin panel buckiing for several load
cases. Consequently, an automated buckling analysis was implemented to identify
buckled skin panels and to simulate this non-linear phenomenon in the NASTRAN analy-
sis. The buckling simulation was achieved by replacing the original skin thickness
of the buckled panel with an effective skin thickness which represented the stiff-
ness of the buckled configuration. A detail description of the theory for this
analysis has been described in reference 3. The buckling analysis and effective
skin thickness calculation were coded into a computer program which was set up
to run as a post processor to the NASTRAN program. This NASTRAN analysis with the
buckled effective skin thickness generally nad to be repeated several times in order
to obtain a convergent solution. Since some of the loading cases on the horizontal
tail were combined conditions, the buckling analysis was performed on both the upper
and lTower surfaces simultaneously.

ANALYTICAL RESULTS

After extensive analysis and study, the applied loads on the Model 55 hori-
zontal tail were determined to be less than the maximum tested loads on the 35/36
horizontal tail which was identical to the 55 in structural detail. Consequently,
no static test was performed on this structure during the 55 testing program.
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However, in order to establish a correlation between the horizontal tail portion of
the NASTRAN empennage model and the structural test data, a positive gust condition
with top roll moment load case was used from the Model 35/36 fatigue test program

as was mentioned previously. The results of this test along with the NASTRAN data
have been exhibited in figures 8 through 11. Figures 8 and 9 show the correlation
on the horizontal stabilizer forward spar upper cap and lower cap respectively

while figures 10 and 11 show the correlation on the rear spar upper cap and lower
cap respectively. Most of the experimental points agree with the NASTRAN data very
closely with the exception of the most inboard point on the rear spar lower cap.
This gage was very near an access door in the skin panel and appeared to be affected
by the stress gradient due to this cutout. As mentioned earlier, no correlation

was prﬁsented on the vertical tail, since this was performed in an earlier paper (See
ref. 1).

CONCLUDING REMARKS

A method has been demonstrated for calculating control surface hinge forces
using a Learjet Model 55 empennage NASTRAN analysis. Hinge element internal forces
were extracted from the NASTRAN analysis and converted to a common ccordinate system
using a set of transformation equations to define the individual hinge forces.
Since each control surface was defined in a local rectangular coordinate system,
rotation of the control surface could be easily accomplished by transforming the
components on the CORD2R card. This control surface rotation capability permitted
Learjet to investigate the impact of control surface movement on the hinge attach-
ments in more detail than was previously possible. A buckling analysis was also
performed to determine the non-linear effect of skin panel buckling on stringer and
spar cap stresses. These techniques proved to be a valuable asset to Learjet in
studying the structural operating characteristics of the Model 55 empennage struc-
ture and associated control surfaces and for substantiating the horizontal tail
structure by comparison with previous tests.
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Input Data Card CPRO2R Rectangular Coordinate System Definition

Description:

Polnts. Th

Defines a rectangular coordinate system by reference to the coordinates cf three
e first point defines the origin.

The second point defines the direction of the z-axis.

The third point defines a vector which, with the z-axis, defines the x-z plane. The reference

coordinate must be independently defined.

B
P
- “y
’I
e u
’ X z
Cy
| A —
J
i
|
/ Y
X
Format and Example:

1 2 3 4 5 6 7 8 J 10
CORD2R CID RID Al A2 A3 81 B2 B3 ABC
CARD2R 3 17 -2.9 1.0 0.0 3.6 0.0 1.0 123
+BC Q1 c2 c3

—
23 5.2 1.0 -2.9
Field Contents
cIp Coordinate system identification number (Integer > 0)
RID Reference to a coordinate system which is defined independently of new coordin-
ate system (Integer > 0 or blank)
Al,A2,A3
B}.BZ.BJ Coordinates of three points in coordinate system defined in field 3 (Real)
€1,c2,C3
Remarks: 1. Continuation card must be present.

(]
.

The three points (Al, A2, A3), (81, B2, B3), (C), C2, €3) must be unigue and non-
collinear. Noncollinearity is checked by the geometry processor.

Coordinate system identification numbers on all CARDIR, CPRDIC, CPRDIS, CPRDZR,
CPRD2C, and CPRD2S cards must a'l be unique.

An RID of zero references the basic coordinate system.

{he 1oca;ion of a grid point (P in the sketch) in this coordinate syste- v Gtwen iy
X, Y, 2).

The displacement coordinate directions at P are shoun by (u‘. uJ. .._,).

FIGURE 6 - CORD2R COORDINATE SYSTEM CARD IMAGE
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A NEW METHOD FOR GENERATING

AND MAINTAINING RIGID FORMATS IN NASTRAN

By

P. R. Pamidi and W. Keith Brown
RPK CORPORATION
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SUMMARY

Since all NASTRAN users are most likely to use some of the
Rigid Formats it is important that a convenient means of
updating these Rigid Formats be available. This benefits both
the NASTRAN maintenance contractor and the NASTRAN user
community. With this in view, RPK Corporation is currently
developing a new method for generating and updating Rigid Formats
in NASTRAN. The heart of this method is a Rigid Format data base
that is in card-image format and that can therefore be easily
maintained by the use of standard text editors. Each Rigid
Format entry in this data base will contain the Direct Matrix
Abstraction Program (DMAP) for that Rigid Format along with the
related restart, subset and substructure control tables. NASTRAN
will read this data base directly in every NASTRAN run and
perform the necessary transformations to allow the DMAP to be
processed and compiled by the NASTRAN executive. This approach
will permit Rigid Formats to be changed without unnecessary
compilations and relinking of NASTRAN. Furthermore, this
approach will also make it very easy for users to make permanent
changes to existing Rigid Formats as well as to generate their
own Rigid Formats. This new method will be incorporated in a
future release of the public version of NASTRAN.

INTRODUCTIOCN

The popularity and longevity of NASTRAN are due to the many
types of analyses that it supports and the generality and
flexibility that it offers to the user to perform these analyses.
The analyses are implemented in NASTRAN by the use of many
functional modules each of which can be considered as an
independent program. These functional modules interface with one
another through executive parameter flags and a local data base
called the File Allocation Table (FIAT). The FIAT and the flags
are Mmaintained by the NASTRAN executive. The order in which the
functional modules are executed and the definition of the files
and flags to be read or written by these functional modules are
specified by means of a higher level language called the Direct
Matrix Abstraction Program (DMAP)., The DMAP is compiled and
processed by the NASTRAN executive.
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The most general way of using NASTRAN is with a user written
DMAP program. However, in order to relieve the user of the
burden of writing DMAP sequences for the most commonly used
analyses (e.g., static analysis, normal mode analysis, etc.), a
number of standard DMAP sequences (with sophisticated restart
capabilities and subset features) have been developed and
included in NASTRAN. These standard DMAP sequences are
collectively called the NASTRAN Rigid Formats. There are
currently twenty (20) Rigid Formats in NASTRAN. They are very
valuable to the user as they are in a readily available and
useable form and offer the user the flexibility for performing a
variety of analyses. Modifications to the Rigid Formats can be
easily made by the user by means of the ALTER feature described
in Section 2.2 of the NASTRAN User's Manual (Reference 1).

PRESENT METHOD FOR GENERATING AND MAINTAINING RIGID FORMATS

At present, the Rigid Formats exist in NASTRAN in the form
of subroutines. These subroutines are called the LDxx (LDO1,
LD02, etc.) subroutines and are described in Section 6.6 of the
NASTRAN Programmer's Manual (Reference 2). There is one LDxx
subroutine for each Rigid Format in NASTRAN. The bulk of the
code in these subroutines is in the form of Fortran DATA
statements consisting mainly of Hollerith values of the type
4Hxxxx. This format is very awkward. Consequently, making
updates to these subroutines is an extremely tedious,
time~consuming and error-prone procedure. In order to overcome
this serious problem, a utility program called the Rigid Format
Generation (RFGEN) program was developed for use by the
maintenance contractor to automatically generate the LDxx
subroutines. The RFGEN program requires the maintenance of a
separate data base of Rigid Formats and their associated restart
tables. This data base is read by the RFGEN utility to generate
the desired LDxx subroutines.

The current practice of generating and maintaining Rigid
Formats has many serious drawbacks. These are discussed in
detail below.

1. Because of the nature of the LDxx subroutines, the use
of the RFGEN utility is ebsolutely essential when major
changes (e.g., extensive changes to the DMAP) need to
be made to any Rigid Format. However, the RFGEN
utility 1is currently operational only on the CDC
machine. Hence, +*he maintenance contractor cannot
generate the LDxx subroutines directly on another
machine which he may be using as the primary machine
for NASTRAN maintenance.

2, The Rigid Format information is currently contained
both in the external data base used by the RFGEN
utility as well as in the LDxx subroutines of NASTRAN.
This is not only wasteful and cumbersome, but has also
caused serious problems. Occasionally, updates were
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made directly to an LDxx subroutine (for example,
correction of a restart table) but never incorporated
into the RFGEN data base. Consequently, these updates
were lost when the RFGEN utility was used at a later
date to generate replacement LDxx subroutines.

Permanent changes to a Rigid Format require the
updating and recompiling of the appropriate LDxx
subroutine as well as the relinking (or rebuilding) of
Link 1. This is very inconvenient and annoying both to
the maintenance contractor and users.

Users do not have access to the RFGEN utility which is
available only to the maintenance contractor. They,
therefore, cannot make major permanent changes to Rigid
Formats at their local sites and are thus forced to use
the ALTER capability in order to incorporate the
desired changes. However, this has the disadvantage
that the ALTER packet has to be included in every run
in which the user needs the changes. This can be
particularly inconvenient when the ALTERs are
extensive.

An extension of the above problem is that sophisticated
users cannot generate new Rigid Formats of their own
except by means of inserting the DMAP on a temporary
basis through the NASTRAN DMAP approach. However, this
has the same limitation that the ALTER cards have in
that the DMAP has to be included in every run in which
the user needs it. This can be particularly cumbersome
when the DMAP contains many statements.

The substructuring capability of NASTRAN causes the
automatic generation of DMAP ALTERs in those Rigid
Formats that support this capability. Currently, Rigid
Formats 1, 2, 3, 8 and 9 support this feature. These
automatic ALTERs are currently specified in the Fortran
subroutines ASCM0O1, ASCM05, ASCM07 and ASCM08. These
ASCMxx subroutines must, therefore, be appropriately
updated whenever changes to Rigid Formats 1, 2, 3, 8
and 9 affect their DMAP statement numbers and hence the
DMAP ALTERs specified in these ASCMxx subroutines.

The data base currently used by the RFGEN utility is
not in a very convenient format. Making changes to
this data base is therefore not very easy, particularly
when changes need to be made to the restart tables.

Lo
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NEW METHOD FOR GENERATING AND MAINTAINING RIGID FORMATS

All of the above problems can be eliminated by having a
Rigid Format data base that is read by NASTRAN directly and that
can be maintained easily by means of standard text editors
already available on the host computers. The important and
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distinct advantages to be derived from this approach are
discussed below.

1.

The need for the RFGEN utility and its associated data
base will be eliminated and updating of Rigid Formats
will become equally easy on all machines.

The LDxx subroutines in their current form will be
eliminated from NASTRAN and the entire information
about Rigid Formats will be contained in the new Rigid
Format data base. This will greatly facilitate the
maintenance effort.

Permanent changes to a Rigid Format cau be incorporated
simply by suitably updating the new data base by means
of a text editor. The need for compilations and the
relinking of Link 1 w?1ll thus be eliminated, thereby
greatly aiding both users and the maintenance
contractor.

It will become very easy for users to test and
incorporate major changes to existing Rigid Formats at
their local sites without having to use the ALTER
feature in every run. Similarly, sophisticated users
will be able to generate new Rigid Formats (complete
with the associated restart tables) with relative ease.

By incorporating controls for substructure DMAP ALTERs
in the new data base, the need for the possible
updating of the ASCMxx subroutines every time the
associated Rigid Formats are changed will be
eliminated. This will greatly reduce chances for error
since all information about the substructure DMAP
ALTERs will be contained in the new data base instead
of being spread over several ASCMxx subroutines.

The format of the new date base will be designed to be
user-friendly and to be easiiy amendable.

IMPLEMENTATION OF THE NEW METHOD

The Rigid Format data base will be in a card-image format
and will contain entries for all 20 Rigid Formats in NASTRAN,
Each Rigid Format entry will contain the following items of
information:

AU LW
.

DMAP statements

Card Name Restart Table

File Name Restart Table

Rigid Format Change Restart Table
Subset flags

Controls for substructure DMAP ALTERs
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The format of the data base will be designed to be
user-friendly and to be easily amendable. All DMAP statements
will be in a format similar to the format in which NASTRAN prints
the DMAP. All restart tables, subset flags and substructure
controls will be def:ned so as to permit easy editing.

The Rigid Format entries will be implemented as follows on

the four computer systems on which NASTRAN is currently
supported:

1. 1IBM ~ Each entry will be a member of a
partitioned dataset

2. UNIVAC - Each entry will be an element of a file

3. ¢CbpC -~ Each entry will be a separate file

4 DEC VAX ~ Each entry will be a separate file

An I/O0 interface will be designed on all of the four
computer systems to read the Rigid Format entries. This
interface will be written in machine-dependent code. Additional
subroutines in machine-~independent code will be designed to
perform the necessary transformations to allow for the processing
and compilation of the DMAP by the NASTRAN executive. The
current LDxx subroutines will thus no longer be used and will
therefore be deleted from the code.

In addition, documentation updates will be provided for the
NASTRAN User's Manual and the NASTRAN Programmer's Manual. The
User's Manual updates will contain a definition of the format of
the new Rigid Format data base and also a description of how to
maintain and update the data base. The Programmer's Manual
updates will include a description of all subroutines and COMMONs
that are added to NASTRAN as part of this new capability.

CONCLUDING REMARKS

The new method of generating and maintaining Rigid Formats
described in this paper should be welcomed by both the NASTRAN
maintenance contractor and the NASTRAN user community. It will,
for the first +ime, make it possible for the maintenance
contractor to update and modify existing Rigid Fo.mats without
the use of a utility program and without unnecessary compilations
and relinking of NASTRAN., It will also, for the first time, make
it possible and practicable for users not only tc make permanent
changes to existing Rigid Formats, but also to create new Rigid
Fcrmats of their own. This will greatly enhance the flexibility
and attractiveness of NASTRAN.
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IMPLEMENTATION OF
ELASTIC-PLASTIC STRUCTURAL ANALYSIS
INTO NASTRAV ¢

Alvin Levy, A. B, Pifko and P, L. Ogilvie

Grumman Aerospace Corporation, Bethpage N.Y

SUMMARY

[lastic-plastic analytic capavilities have been incorporated into the
NASTRAN program. The present implementation includes a general rigid format
and additional bulk data cards as well as two new modules. The modules are
specialized to include only perfect plasticity of the CTRMEM and CROD elements
but can easily be expanded to include other plasticity theories and
elements. The practical problem of an elastic-plastic analysis of a ship's
hracket connection is demonstrated and compared to an equivalent analysis
using Grumman's PLANS program. The present work demonstrates the feasibility
of incorporating general elastic-plastic capabilities into NASTRAN,

INTRODUCTION

A feasibility study on incorporating state-of-the-art nonlinear
capabilities into NASTRAN has been conducted and reported on in ref. 1. It
was pointed out that each class of nonlinear hehavior has a "best" solution
strateqy. For an elastic-plastic analysis, the "initial-strain" approach is
the most efficient finite element analytic method. In this approach, an
incremental pseudo-load vector is formulated assuming an initial strain equal
to the sum of the estimated plastic strain for the current increment and an
equilibrium correction term which corrects for the difference between the
resulting plastic strain and assumed plastic strain of the previous
incremental step. This method, characterized by the plastic behavior being
incorporated into an incremental pseudo-load vector, leaves the stiffness
matrix unaltered from step to step. Thus, the stiffness matrix need only be
decomposed once, Consistent with the initial-strain approach, ref. 2 provides
the pseudo-load vector formulation due to plastic behavior for a number of
elements in the NASTRAN library. The general approach is to transfer the
integral form of the pseudo -load vector into a numerical representation by
utilizing various integration schemes. For many of the finite elements the
choice of the number and type of integration points is left to the user. The
choice of integration points for the integration of the pseudo-load vector
determines the allowable variation of the plastic strain within each
element. This allowable variation can be changed by choosing a different set
of integration points. This may eliminate the costly process of changing the

+ Partially funded by David W. Taylor Navail Ship Research and Pevelopment
Center, Bethesda, Maryland.
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finite element idealization if the plastic strain variation was more complex
than originally modeled for. One may only have to change the choice of
integration points. A more complete discussion of these mechods is given in
ref. 3.

The initial-strair approach, as outlined above, has been incorporated
into the NASTRAN program. This has been done by writing a new rigid format
along with vwo new nicdules. Also included are three new hulk data cards.
Although the methcus are general, only perfectly-plastic behavior of a
membrane and a rod element have been initially considered. Th’s first step is
sufficient to examine the feasibility and efficiency of the implemenied
techniques within the NASTRAN framework.

The practical problem of an elastic-plastic structural analysis of e
ship's bracket connection has been carried out using the implemented NASTRAN
program and the results have been compared to those ob*..ned from the PLANS
finite element computer program (ref. 4). The resultc are in exact agreement
and the cpu time and associataed costs are approximately the same.

ELASTIC-PLASTIC FORMULATION
The initial-strain method is chosen tc solve small disrlacement

plasticity problems. The governina equation, d. ived from energy principles,
is written in incremental form as follows:

(K] {AUL-{AP g ‘AQL +'R}i (1)
where
IK}] = elastic =* ffness matrix
{Au [ = incremental displacement of ith step
apl! = incremental external load of jth step

increment21 pseudo load hased on
i predicted inelastic strain of ithstep

R , = equilibrium correction torm representing any balancing
force due to drift from equilibrium during the incremental
application of the load

The elestic stiffness matrix is found to be
(<= f 18" (€} (8 av (2
where [B] is obtained from the strain-displacement relation

o],
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and [E] is obtained from the stress-strain relation ORIGINAL PAGE 1§
OF POOR QUALITY

Aa}_=[E] (‘Ae}— lA5P>) (9
1 i i
with
Aa}, = incremental stress
i
A?}i = incremental total strain
Aep}i = incremental plastic strain

Plasticity enters the analysis through the increment in plastic
strain, Ae? . These as well as other path dependent quantities depend on
the implemented plasticity theory.

The nredicted »seudo-load vector for the (i+1)St step is found to be

‘Ao;m —%T—’f [BIT[E]‘AeP}idV (5)

where %1 and & correspond to the (i+1)5t and ith step sizes

respectively. We can expect the successive linearization procedure to drift
from a true equilibrium position for the rnonlinear response. This drifting is
2 combined result of truncation, the successive linearization procedure and
the fact that information not yet availab’e is reauired for a true sc ution
(in Eq ’5) the predicted pseudo-load vectyr is based on the incremental
plastic strains of the preceding step rather than on the current step). The
simplest corrective procedure involves the introduction of an equilibrium
correction term that may be added as a load vector in the incremental
procedure. The equilibrium correztion term is defined as

(o) ST - o} o (6)

This is a simpler method than a complete iterative scheme and in effect the
eauilicrium correction term represents a one step iteration.

The pseudo-load vector is computed by various integration schemes (e.g.,
trapezoiual and Gaussian) in which Eqs (5) ana (6) are combined and +ritten as

’AG +
Ji+

R}iﬂ = i\ A; (8 (Ti)]T[E(ri)](t+§-:‘—1) |A€P|i —‘AGP}H) (7

where n represents tte nember of integration points, 'j represents the
spatial location of the . th integration point and Aj corresponds to an
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integration weight factor for the jth integration point. The derivation of
the pseudo-load vector for many of the NASTRAN elements is presented in ref.
2, The present study utilizes only the triangular membrane element (CTRMEM)
and the extensional rod element (CRC).

IMPLEMENTATION OF ELASTIC-PLASTIC ANALYSIS INTO NASTRAN

Elastic-plastic capabilities have been incorporated into the NASTRFN
program, A flow diagram, representing the intital-strain method, is shown in
Appendix A. The function of each step in the flow diagram is explained. A
corresponding rigid format was written as a modification to rigid format 1
(Level 17.0). The ALTER package and resulting new rigid format are shown in
Appendices Bl and B2, respectively.

Some of the important features of the new rigid format will be
mentioned. rirstly, two new modules have been written, PLANS1 and PLANSZ,
PLANS] determines the critical load, i.e., the lowest lcad amplitude for which
at least one element stress point has become plastic. Tn addition a new
table, PLI, is initialized. This table contains the last known field
quantities siuch as stress, strain and plastic strain. PLANS2 implements the
elastic-plastic constitutive equations for incremental stress, strain and
plastic strain. Initially only perfect plastic behavior of the CTRMEM and
CROD elements have bheen included. In addition PLANSZ updates the PLI table
and forms the pseudo-load vector the the next plastic increment. The
calculations needed to perform an elastic-plastic analysis are divided into
those that are performed one time and those that are performed in each
incremental step. Among those that are performed once are all the usual
functions necessary in an elastic finite element analysis, i.e., reading
input, all global functions such as setting up data tables, and solving for
the elastic displacement field. These functions are performed by the
operatioral sequence currently in rigid format 1 and are represented by the
first block of the flow diagram. In addition, the critical load calcilation
and some preliminary plastic analysis definitions are carried cut as shown in
the flow diagram above LOOPA, which is the start of the plasticity loop. The
calculations performed during each incremental step are contained in the
plasticity loop as shown in the flow diagram. During each pass through the
plasticity Toop the SSG3 module solves for the incremental displacements due
to the plastic pseudo-load only. The incremental displacement due to the
external load or prescribed displacements are known and are added to the
incremental displacements due to the pseudo-load vector. The plasticity
constitutive equations are implemented and the new pseudo-load vector, to be
used -~ the next incremental step, is formed (PLANS2). The plasticity loop is
repeated for each incremental step.

Three new bulk data cards have been added for later use in a general
elastic-plastic analytic capability program. These are described in Appendix
C. The MATSZ bulk data card defines the plastic material properties; the
PLFAC2 bulk data card defines tne load history and step size information; and
the TABLEY1 bulk data card defines the yield stress as a function of
accumulated plastic strain.
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SAMPLE PROBLEM

In order to validate the implemented NASTRAN capability an elastic-
plastic analysis of a typical structural detail of a ship, namely a bracket
connection, was performed using NASTRAN and the Grumman PLANS program. Figqure
1 shows the intersection of a horizontal girder with a transverse bulkhead.
The shaded area represents the structural component that was analyzed. Loads
and boundary displacements on this section were provided from a finite element
model of the entire structure. The finite element model consisted of 657
membrane triangles for the webs, 103 rod elements for the flanges (shown as
dotted lines in Fig. 3) resulting in 704 degrees of freedom with a semi-band
width of 40, Figures 2 and 3 show the details of the finite element model.
Figure 4 shows the resultina yrowth of the plastic region of the highest
stressed section,

The NASTRAN analysis was performed on a CDC cyber 172 computer and
required 20 cpu seconds for each incremental step. The PLANS program,run on
an IBM 370/3033 computer, used 5 cpu seconds for each incremental step. The
results from each program were identical. Taking into account the difference
between computational speed of each computer (about 5:1), the running time for
the NASTRAN program is competitive with the PLANS proc -am.

CONCLUSIONS

The present work demonstrates the feasibility of incorporating elastic-
plastic capabilities into NASTRAN. The present implementation included a
general new rigid format and bulk data cards as well as two new modules. The
modules are specialized to include only perfect plasticity of the CTRMEM and
CROD elements.

An extension of these capabilities to include general plastic behavior of
the complete NASTRAN element library should present no new pitfalls and will
be briefly outlined. Firstly, ar extension to the flow chart and ALTER
package would include one new module, PLAS, used to accumulate the total
displacements (Table UGVPAC) as well as stress, strain and plastic strain
(Table PLIAC) at the end of each increment. It would apear as

PLAS  UGVP, PLI/UGVPAC,PLIAC/V,N,PLACOUNT/V,N,P

In addition, new tables would bz set up in PLANS1 and would contain element
integration poipt information. To form these tables, use. specified
information would be supplied on bulk data cards through rew element property
cards.

Module PLANS2 must be generaiized to build a pseudo-load vector, Eq (7),
from the new tables set up in PLANS1, In addition, the plasticity theory
contained in PLANS? should be expanded to include, in addition to perfect
plasticity, linear strain-hardening, nonlinear strain-hardening using either a
Ramberg-Osgood function or a stress-strain table, or any other theory
consistant with the initial strain approach that the developer wants to
incorporate.
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APPENDIX A

FLOW DIAGRAM OF MAIN FEATURES OF ELASTO-PLASTIC ANALYSIS

Elastic linear analysis

crrmnty T RS Determine load critical value
e PLANS1  J (p Initialize PLI table

P
< 'hm‘{}"- '\.‘U‘“J :

CRIT’’
:Ug}=lucmT +‘Aug}; (First
ADD . . - .
incremenial step is elastic)
—

Ae};

Calculate lAePI . AO} ,

PLANS2 Form pseudo-load vector (DELTAP);
Update PLI1 table

EQUIV )Interchange PLI1 and PLI] tables

IAYS;= 0, Set incremental displacements
to zero at degrees of freedom where
DD . . .
single point constraints are

prescribed

AA

ANA

LOOPA Top of loop

®
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SSG2

Apply constraints to incremental
pseudo-load vector (DELTAP
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APnl ‘ﬁf—l IA f} {APf} [Kg ] [Avs'

15

+ (6 ]’AP ’

apgJf

} ’ H ap-{APa,+[G] la,|

)= [an]

Solve for independent degree of
SSG3 ’freedom displacements due to

incremental pseudo-load,

{ Au,
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(8)

Recover dependent incremental

{ SDR1 displacements due to incremental
pseudo-load,
_2%‘ = gAUa, , {AUO =[Gl !Aua} +taug
r - . )

4] o [24) o)

ol 100 (2

( ADD Form total incremental load,
— - L1489 | '
(s, [vnie] + [o=1  {avi]

Update total displacement,

| p

J

unit

e

Calculate {Aep;,[Ao",lAe,;
Form pseudo-load vector (DELTAP);
Update PLI1 Table

Interchange PLI1 and PLI tables

Bottom of loop; PLAST <1 ? If YES
then last step and end, if NO then
not last step and continue
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APPENDIX B1

"ALTERS" TO RIGID FORMAT 1 FOR ELASTO-PLASTIC ANALYSIS
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CHKPNT  DEI TAUGVY,0ELTAPLG s
ADD qu,DELTAqu/DELTAUGT/v,N,DELPc $
AND PELTAUGT,UGVP L UGVPT/ $
EQyTy HGVP T, 1IGVPZALWAYS $
CHKPNT ueve $
PARAM //c,N,aon/V,N,PLagou~T/v.N.PLACUUNTIC,N.1 L]
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LEVEL 2,0 NaSTRAW DMAP COMPILER = SOURCF LISTING

ERYTY PLI,PLYI/NEVER
PLANS2 335::g;ag?;égs&zfgscz235;3%}6:cfk;::/v.h.:LACUUNT/v,N,PLAlTI
SavE PLAST,PRINTINC,P $

EQuTY PLTII,PLIZALNWAYS S

CHXPNT  PLTI,NEL TAP S

cOND N2Y,PRINTING )

PRIPARM  7/CoNynsC N, P s

MATPRY  UGVP// (]

LaBr{ N2y $

cONN LUNPED,PLAST $

REPY LunNPa,»;

LABEL LONPED s

JUMP FINIS &

LABEL ERRUR? §

PRTPARM //C)Ny=2/CHN,STATICS &
LABEL ERRQOR3 3§

PRTPARM 7/CoN)@3/C,N STATICS §
LABEL ERRURY 3

PRTPARM C/C Myl /0N, 3TATICS &
LABE) FINIS s

Enp s
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NEW BULK DATA CARDS

MATS2: Material Properties - defines stress-strain function
for either Ramberg-Osgood representation, linear
strain hardenin; or perfect plasticity.

1 2 3 4 5 6 7 8
TABLEY1 | TABLES1 nfog s | @ J
Ramberg-Osgood MATSZ | 17 12 [0.6+5 }
Linear Hardening | MATS2 | 17 0.25
Perfect Plasticity MATS2 | 17 0.0
Tabular MATS2 17 100
Field Contents
MID - Material identification number which matches the identification number
on some basic MAT1 card (Integer > 0)

n ~ shape parameter used in Ramberg-0Osgood stress-strain function (Integer)

a - ET/E for linear strain hardening (Real)

9.7 ~ Ramberg-0sgood parameter (Real)

TABLES1- Table number for Stress-strain function - TABLES1 Table (Integer)

TABLEYl~ Table number for yield stress vs. accumulated plastic strain, for
near linear strain hardening (Integer)

n-1
+ X
0.7

Remarks: 1. Ramberg-Osgood representation: ¢ = % 7E G

2. TABLEY1l may be used with any of the options listed.
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PLFAC2: Load histor stion
story and step size information OF POOR QUALITY
1 2 3 o 5 6 7 8 9 10
FEJACZ SI1D P1 | N1 | NLD1 P2 | N2 | NLD2 +abc
LFAC2 5 1.0 5 1 2.0 | 10 1 ABC
abe -etec-
, /r P3 | N3 rm.na etc
H-BC 4] 3.0} 5 ;J 2
Field Contents
SID - Set ijdentification number (Integer > 0)
Pi - Load magnitude (Real)
Ni - Number of increments for current load (Integer > 0)
NLDi - Load set reference (Integer)
Remarks: 1. Load history is contained with PLFAC2. Each Pi
corresponds to total ioad for that set (NLDi).
2. One or Two sets of data may be included on each card.
Fields 3, 4, and 5 must be used on each card, but
fields 6, 7, and 8 may be omitted from any card even
though continuation cards follow.
3.

If Ni = 0, incrementation steps will be chosen automatically.
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TABLEY1l: Yield stress vs. accumulated plastic strain
1 2 3 4 5 6 7 8 9 10

TABLEY1 | SID {0 o 1eP | o (o] £eP +abc

yt| ys yt | ys

TABLEY1 10 ABC

Habc o o Ie” | -etct

yt! ys
H-BC
Field Contents
SID set identification number (Integer > 0)
oyt yield stress in tension (Real)
oys yield stress in shear (Real)
ref accumulated plastic strain (Real)

Remarks: 1. If accumulated plastic strain is less than first value in
table then first values of ¢ _ and o s are chosen, 1f
accumulated plastic strain 1% greate¥ than last value in
table than last values of ¢, and 0  are chosen, otherwise
a linear interpolation is ufed. s

2. One or two sets of data may be included on each card.

Fields 3, 4, and 5 must be used on each card, but fields
6, 7, and 8 may be omitted from any card even though continuation
cards follow.
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ELASTIC~PLASTIC ANALYSIS OF ANNULAR PLATE PROBLEMS USING NASTRAN

P. C. T, Chen
U.S. Army Armament Research and Development Command
Large Caliber Weapon Systems Laboratory
Benet Weapons Laboratory
Watervifet, NY 12189
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The plate elements of the NASTRAN code are used to analyze two annular plate
problems loaded beyond the elastic limit. The first problem is an elastic-plastic
annular plate loaded externally by two concentrated forces. The secoud problem is
stresged radlally by uniform internal pressure for which an exact analytical solution
i8 available. A comparison of the two approaches together with an assessment of the
NASTRAN code is given.

INTRODUCTION

The plecewise iinear analysis option of the NASTRAN code can be used tc analyze
quite complicated elastic-plastic plane~stress problems (refs. 1 and 2). The
reliability of this code has been well demonstrated in the linear range but not so in
the nonlinear range of loadings. One major reason is because exact analytical
solutions for elastic-plastic problems are usually not available for comparison with
approximate NASTRAN solutiouns.

In this paper, the plate elements of the NASTRAN code are 8sed to solve two
annular plate problems loaded beyond the elastic limit. The fi st problem considered
is an elastic~plastic annular plate loaded externally by two concentrated forces.
There is no analytical solution for this two-dimensional plane-gtress problem and the
NASTRAN code 1s used to obtain numerical results. The second problem considered 1s
an elastic-plastic annular plate radially stressed by uniform internal pressure.

This problem is chosen because an exact analytical solution is available for
comparison. For ideally plastic r.terials, the stress solution for this statically
determinate problem was first obtained by Mises (ref. 3) and the corresponding two
strain solutions were obtained by the present author on the basis of both Jp
deformation and flow theories (ref. 4). For elastic-plastic strain-hardening
materials, an exact complete solution was recently reported in reference 5.
Analytical expressions were derived on the basis of J; deformation theory, the Hill's
yield criterion, and a modified Ramberg—-Osgood law. The validity of the above
solution has been established by satisfying the Budiansky's criterion.

In the following, the theory of elastic-plastic plate elements as used in
NASTRAN is briefly reviewed. In its present form, NASTRAN cannot be used for
problems involving ideally plastic materials., It is shown that this limitation can
be easily removed by making minor changes. For an elastic-plastic strain-hardening
material, the NASTRAN solution is reported here and compared with the exact solution.
The results are presented graphically and an assessment of the NASTRAN code 1is made.
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The theoretical basis of two-dimensional plastic deformation as used in NASTRAN
is that developed by Swedlow (ref. 6). In the development, a unique relationship
between the octahedral stress, T,, and the plastic octahedral strain, e,P, is assumed
to exist and the use of ideally plastic materials 15 excluded. The total strain
components (&4, €y, €z, and ny) are compoaed of the elastic, recoverable
deformations and the plastic portions (exP, Cyp. €zP, and YyyP). The rates of
plaastic flow, (ex » etc.), are independent of a time scale ani are simply used for
convenience instead of incremental values. The definitions of the octahedral stress
and the octahedral plastic strain rate for isotropic naterials are:

o = 7(811% + 28]12° + 822° *~ 833°)/3 (1
€oP = /TCEIP)Z + N[22 + (E3PI2 # (&33P 2173 (2)
where

811 = - (20x~0y) , e11P = &P

822 = = (20y-0x) , €22P = €yP

Wl Wy e

1
833 - -~ '3' (Ox“"oy) » €33P = P

812 ® Ty » €12° = = YxyP (3)

The 814y 18 called the deviator of the stress tensor; ox, Oy, and Txy are the
carteslian stresses. The isotropic material iz assumed to obey the niaes yleld
criterion and the Prandtl Reuss flow rule. The matrix relationship for the plastic
flow is:

exP [ 8112 811822 2811812 | | Ox
. 1
EgP | = mmmzmmamem s11822 8227 2822012 (| @ (4)
.Y 6":‘2 11( 7o) .y
Yo ? 2811822 2811817  4sp)? Txy
where
Mp(1) = To/€P (s)

The plastic modulus, Mr(t,), can be related to tiz Rlope Er, of the effective stress-
strain curve by:

1 1 1

el (6)

Mp(te) Ep E

The total strain increments, obtained by idding the plastic and linear elastic
parts, are:

{ae} = ([DP] + [G]=!){Ac} = [GgI~1{Ac} 7
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vhere [G] is the normal elastic material matrix and [Gp ] 18 the equivalent plastic
material matrix. The matrices [DP] and [G 1=! exist for finite values of Mr or (ET)
and [G,] can be obtained numerically. Because this procedure 1is chosen in developing
NAST program, only strain hardening materials can be considered for applications.
However, it should be noted that even the matrix [6p]~! does not exist when My or Er
is equal to zero, the matrix [Gp] may still exist. 1In fact, the closed form of [Gp]
has been given in reference 7. We can express this as:

\
’8222+2A SYM.
g | - 811 s22+2va , 8112424
[Gp] - - (8)
Q| sp)+ve: 827+vs1] B (1-vET
- mm—e—ee— g - m—————— 8 + T
1+v 12 1+v 12 » 2(1+v) E-Er ° J
where \
Ep s12?
A= —— 1,2 4 === | B = g%+ 2vey) 837 + 8222 , Q=2(1-v)A + B, (9)
E-ET 1+v

If we want to remove the limitation that the use of ideally plastic materials 1is
excluded, we have to make minor changes in subroutines PSTRM and PKTRM of the NASTRAN

program.

TWO~-DIMENSIONAL PROGRAM

Consider a two—dimensional annular plate loaded externally by two concentrated
forces., Figure 1 shows a finite element representation for one quarter of the
annular plate, The other part is not needed because of symmetry. There are 198
grids and 170 quadrilateral elements in this model. The grids (1 through 11) along
the x-axis are constrained in y-direction while those grids (188 through 198) along
the y-axis are constrained in the x-direction. The concentrated force F is applied
at the top of the y-axis (grid 198). The thickness of the plate is 0.1 inch. All
membrane elements are stress dependent materials. The effective stress-strain curve
is defined by:

o = Ee for o < g,

(10)
(0/ag)™ = (E/gg)e for o > o,
where
o= (3VD1, , e=a/E+ /2 €p (11)

n 1is the strain hardening parameter and the initial yield surface is defined by the
ellipse 0 = g,. The input parameters for the problem are:

E = 10.5 x 105 pst , v = 0.3 (Poisson's ratio) , 0o ® 5.5 x 10* psi , n =9,

There 18 no analytical solution for the two-dimensional plane-stress problem and the
NASTRAN code is used to obtain numerical results. First the stress solution in the
elastic loading range {s obtained and the elastic limit is determined. The corre-
sponding F* at initial yielding is 753.34 pounds. Then the solution beyond the elas-
tic limit is obtained in 13 steps with the applied force given by Fy . 753,36 (0,95 +
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0.05n) pounds for n = 1,2,...13. The vertical displacement at the point of applica-
tion (Vp) and the horizontal displacement (Up) at point B (grid 11) are shown in fig-
ure 2 as functions of the applied force F., The major principal stresses in elements
near the x and y-axes are shown in figure 3 for F = 600 and 1205.38 pounds, respec-
tively. The results indicate that the maximum tensile stress occurs at point C.

ONE-DIMENSIONAL PROBLEM

Consider a one-dimeunsional annular plate stressed radially by uniform internal
pressure. The plate geometry and material properties are the same as the two-
dimensional one. Utilizing the condition of axial symmetrv, we need only a sector of
the annular plate for the finite element model. There are only 10 elements with 22
grids. All grid points are constrained in the tangential direction. The applied
load 1s the internal pressure p. If p = 1000 psi, the equivalent nodal force at each
of the two interior grids is Q = 4.62329 pounds in the radial direction. The true
pressure corresponding to initial yielding for this problem is p, = 23,571 psi. The
NAST AN results will depend on the users' choice of element sizes and load increments.
In the elastic range, the NASTRAN results based on two finite-element models were
compared with the exact solution. For a ten—element model, the maximum error 1is 0.36
percent in displacements and 0.95 percent in stresses. For a twenty-element model,
the maximum errors are reduced to 0.09 percent and 0.24 perceat, respectively. Since
we are satisfied with one percent error, the ten—element model is chosen for
incremental analysis beyond the elastic lirit,

In the plastic range, the user has to choose the load increments properly in
order to obtain good results at reasonable cost. The values of the load factors can
be normalized so its unit value corresponds to the limit of elaetic solution, 1i.e.,
Po = 23,571 psi. The load increments can be uniform or nonuniform. It seems that
the size of load increments depends on the material properties and sizes of elements.
In order to determine the influence of load factors on the displacements and stresses
in the plastic range, four sets of load factors are chosen. The load increments for
three of them are uniform with Ap/p, = 0.20, 0.10, and 0.05, respectively. The
iufluence of load factor, p/py, on the inside radial displacement, u], is shown in
figure 4. The effect of load factors on the major principal stresses in elements is
shown in figure 5. We also show in these two figures the corresponding analytical
results. On the basis of these comparisons, we can make the following conclusions.
In the earlier stages of plastic deformation, larger load increments can be used to
give very good results. As plastic deformation becomes bigger, smaller load
increments should be vsad in order to get a reasonably good answer. However, for
very large plastic deformation, it seems that we cannot improve the NASTRAN results
much better by choosing even smaller increments. This is because there are other
built-in errors in the NASTRAN program, e.g., the linear displacement function is
assumed.

If uniform load increments are used, a direct comparison of the analytical and
NASTRAN results is not available. The solid curves shown in figures 4 and 5 were
obtained indirectly since the analytical results of the displacements, stresses, and
pressure were represented as functions of elastic-plastic boundary (ref. 5). We have
obtained the analytical results when the elastic-plastic boundary 1is located at a
radial distance of 0.05, 0.15, 0.25, 0.35, 0.45, 0.55, 0.65, 0.75, 0.85, and 0.95
inch from the inside surface. The corresponding values of the pressure factor (p/py)
are 1,095, 1.266, 1.414, 1.540, 1.646, 1,734, 1,805, 1.860, 1.901, and 1.929,
respectively. This set of values 1s used as load factors in the input deck of the
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NASTRAN program. Some of the NASTRAN results together with the corresponding
analytical results are shown in figures 6 and 7. A direct comparison of the two
approaches in the plastic range can be seen. The effect of load factors on the
distribution of radial displacements is shown in figure 6. The distributions of
major principal stresses for three load factors are shown in figure 7. As can be
seen in figures 6 and 7, a direct comparison of two approaches will support the
following coaclusion. Even if the results in the elastic rauge are in excellent
agreement, the differences in the plastic range can be quite big for large values of

load factors. This suggests more research efforts should be given to large plastic
deformation,

CONCLUSIONS ORIGINAL FPAGE 12
OF POOR QUAL!

Two elastic~-plastic annular plate problems have been analyzed by using NASTRAN
plate elements. One problem is loaded externally by two concentrated forces and the
other by uniform internal pressure. The NASTRAN results for the second problem have
been compared with an exact analytical solution. It seems that the NASTRAN code in
its present form is still a valuable tool because it can be used tc solve quite
complicated plane stress prcblems provided the plastic deformation involved is not
too large. The limitation that the use of ideally plastic materials is excluded can
be easily removed by mauking minor changes.
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BOLT IN BORE BOUNDARIES

by
T. G. Butler

BU(LER ANALYSES

INTRODUCTION

This paper discusses the factors that must be
taken into consideration when applying NASTRAN’s linear
analysis to structures whose prainciple boundaries are
formed by bolting, and for which localized stress
peaking is important. The determination of what
portion of the bolt boundary is active for a given
loading is a nonlinear problem. Once the active
boundaries are established for a given load, the
determination of the resulting stresses is a linear
problem. Does this mean that every analysis whose
principle boundaries are formed by bolting are wrong if
they are not treated in a nonlinear fashion? Not at
all! The importance of this nonlinear condition rears
its head only when the finite element mesh is so fine
that the bore is no longer represented as a point.

Then the particulars of the macro behavior of the bolt
in the bore become important. There are two approaches
to this problem: Either the employment of a set of
nonlinear scalar springs at the boundaries to determine
the active region for a given loading followed by a
detailed linear analysis under the active bounding
locales; or the pursuit of a series of boundary
approximations using linear analysis, only, untal
admissible conditions are found. This paper deals with
the second approach. An illustration of these methods B
is given in an application to a mounting bracket,

e Lt

OPERATION

Loads applied simultaneously in 3 coordinate
directions involve 3 kinds of boundaries and cause
variations depending on the magnitudes of the load
components. Unfortunately, it is not poussible to apply
a set of individual nominal loads then scale them and
combine them to get a final result, because linear
superporition does not wzrk at all in this highly
nonlinear problem. Changing loads causes the hold down
bolts to bear on the bore surface in different
locations; they cause either the bolt head or nct to
make contact in different locat:ions: they cause
different edges of the bolted foot to bear on the
mounting surface. In the applicatiun under
consideration, there are two bolts through a single
rectangular foot.

/-\nd:"" -
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In the actual case there is a multi-fold infinity of
possible bounding contacts. In the finite elemert case
of a fine meshed model there is a high finite number of
possible bounding combinations. To reduce the problem
of finding admissibie combinations to a manageable set,
1t was decided to limit the trial locations to the
following:

TYPE OF BOUNDARY DETAILS OF REPRESENTATION
Bolt Shank Against Three Pairs of Points At Each
Bore Surface Cardinal Location For Each Of

Two Bores

Bolt Head Against Circle Of Points About Each Of
Upper Surface Annulus Two Bores

Bolt Nut Against circle Of Points About Each Of
Lower SJdrface Annulus Two Bores

Foot Side Edge Set Of Three Points At Each Of
Against Mount Surface Two Sides Of Each Of Two Points

foot End Edge Against Set Of Points Along Entire Edge
Mount Surface Of End Nearest Load

Sketches of these poudaries as they might behave under
load are shown here.
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Fools rush in where angles fea~ to tread. Based
on the lcgic of rigid body actions it appeared quite
reasonable to expect that one could make initial
predictions that could be modified slightly, after
initial reactions were reviewed, to a set that would be
admissible. Notice that mealy-mouthed language is
already being used: reasonable -- admissible; not
correct or precise. If the load were agplied in the
+X,+Y¥,+2 directions, one would expect the foot toc move
vver to contact the bolts on the -X sides of the bores,
the -Y sides of the bores, and to engage the bolt head
rather than the bolt nut for both bolts. It was these
rigid bodu notions that were dashed by the elastic
reality of the case. Actions at one bore were
different than actions at the other. Loads were offset
from the foot and the loading surface was canted to the
plane of the foot. These produced moments that were
reacted at the bolts. Rigid body calculations uwere
made for each load to help decide on the initial
boundary assignments in the first trial of each run,
This approach has logical appeal, but it often was
considerably off the mark.

In order to improve the +first trial, a small pilot
model with a coarse mesh was assembied from plate
elements and had each bore represented by a point.
Readings from the bore poinis and boundary edge points
helped to improve the initial SPC assignments in the
solid model.

This analysis used solid elements entirely for the
whole mndel which contributed to a complication in
satisfying moments. Pairs of points are needed to
create (ouples when using solid elements, while if
plate bending elements were used instead., any bending
requirements could be met at a single point rather than
over a pair of points. The tendencies of pairs of
points to farm couples proved troublesome at boundaries.
To explain tnis it will be helpful to redefine some terms.

First of all "boundary'" is defined to be that set
of points wherein 3 subset of whose components are
constrained to zero displacement. This is a
particularly severe condition in view of the inevitible
redundancy of constraints. An admissible boundary is
one that pushes only and does not pull on the mating
boundary strucuture. This restriction makes an iceal
argument for using unidirectional nonlinear boundary
springs. The nonlinear supports will allow nonzerao
displacements and still produce a push force. Exploring
such a case would be an attractive veanture, but this
paper concentrates only on the linear trial method. The
measure used to discriminate for admissibility of
boundary candidates was the sign of the SPCForces at
the boundaries, If any boundary components were found

295



to pull, it necessitated redefining the boundary
constraints to avoid this pulling condition. Quite
often it was not enougn to just eliminate the offending
component, because the pulling behavior often moved to
the neighboring retained point. Another suprise
occurred at the bolt heads. It seemed representative
for bolt head constraints to be modeled as an annulus
of a double circle of points. As it turned out, pairs
of inner and outer radial points acted as couples with
opposite signs which is i1nadmissible, because opposite
signs means one is pulling while the other is pushing.
Consequentliy, bolt head and bolt nut reactions were
modeled as a single circle of points. Ewven restricting
bolt constraints to single circles was most often not
sufficiently curtailed to eliminate all pulling. Trial
with only arcs of a circle in various positions and
different spans were made before sometimes., an
admissible head or nut representation was found.

At timr s during this analysis. I wanted to say:
"What does t matter if there is some pulling?" Severe
high stresses occurred in regions where high constraint
forces of opposite signs were present. Good answer,

The canted, offset positiocn of the loading
produced a tendency for the foot to tilt with respect
to the mounting surface in every loading case. A
triplet of points on an edge transversely opposite a
bore in one directicn constituted the candidate
boundary set at each of 4 locations. As trials were
made 1t was found that sometimes the triplet had to be
reduced to a pair or a single point before it became
admissible. In the case of fore and aft edges, it was
found that someti.:es contact was made at the ecdge
nea~est the load but tilting towards the far end was
taken up etastically betore reaching the far end so
that the far edge never became a boundary constraint.
The distribution of constraints on the near edge was
found to vary from the entire edge to a biased partial
set.

Absence of pulling is not the only criterion for
admissibility. Owver-constraining must be guarded
against when trying to tracz critical stresses. It is
possible to have excessive constraints even though they
are all pushing. The requirement used for an admiss;:ble
quantity of constraints is that the opposing
equilibrating elastic constraints be of the same order
of magnitude as the opposing forces for rigid body
equilibrium. An average of six trial runs per load
case were needed to find an admissible set of
constraints. Results were considered to be on the
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conservative si1de, because the contact area broadens a
defurmation takes place i1n the actual case. Broadenin
of the contact area was not taken into account in this
analysis. As a result this anailysis should show
stresses slightly higher than actual.

such as this, 1s

The advantage for an anralysis,
tnat :t gi1ves much more information than an
experimental set-up using strain gages., because the
fini1te element mesh has a smaller gage length and has
several oraers of magnitude more measurements. The
load path becomes well traced and the peaking and
releasing of stresses which leads to cracks and fatigu
1s well defined.

APPLICATION

To 1lijustrate how this method worked i1n practice.,
thi1s paper will trace the steps taken i1n homing 1n on
an admissible set of constraints for a single loading
condition,
SUBCASE 3412; XYZ loads at the cradle are

It might be easi1er to describe the evolution of
reactions 1f positions are oriented with respect to th
bracket parts. For instance, the piace where loads go
1n 1S the cradie and the triangular shaped ligament
connecting the cradle to the base 1s the brace. Oppos
the brace the side 15 named "open’”. Positions 1n the
other direction are distinguished by the terms "distan
from the loaded cradle and 'near” the load. The bores
are not of equal size. The bore nearest the cracle s
the larger so the terms large bore (LB} and small bore
(SB) help to keep the reaction straight. Fainally, the
vertical direction can be designatea by the bolt head
s1de on top and the bolt nut side on the bottom. See
the sketch with labels per this scheme,.
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The i1nitial SPC set was assigned in an attempt to
balance the loads with pushing forces only. To oppose
the -X Jload, a set of SPC’s was put in place at the
LB(large bore) on the cardinal point towards the open
side. The couple created by the X load and the LB X
reaction can be balanced by putting a constraint on the
cardinal point at the SB(small bore) towards the brace
si1de.

To oppose the -~Y load an SPC set was put on the nut side
of LB causing a moment which could be opposed by an SPC
on the head side of SB.

To oppose the -2 load the cardinal points toward the

near side of both bores. constraints were put on the near
si10e of both LB and SB. To oppose the moment in 2 forces
about the X-axis, a constraint was applied at the

distant edge.

In particular, the initial combination of SPC se¢ts con-
sisted of:

(a) a full array of 3 pairs of points (nut surface, meanr
surface, and head surface) on the SB nrace location for
X reaction.

(b) a full column of 3 points (nut, mean, and head) on
the LB open location for X reaction.

{(c) a 279 degree arc of points from "“near" arcund
"brace' to “"distant” on the head surface around SB for

Y reaction.

{d) a 270 degree arc of points from ““near” around “open”
side to ""distant” on the nut surface around LB for Y
reaction.

(e} & line of points on the "distant” edge beyond SB

for Mx reaction.

(f) a full array of 3 pairs of points on the SB nea-
side for 2 reaction.

(g) a full column of 3 points on the LB near side for

Z reaction.

The results showed a number of places that were pulling.,

but the one giving the greates. offense was the line
of points on the distant edge.

The first modification tried to temper the effect of

the distant ecge by introducing an additional constraint
on the brace egde opposite SB, while keeping all else
unchanged. The results showed no relief in the pulling
of the distant edge and only slight correction around
the bores.

The second modification abandoned the distant edge line.

The arc on the nut surface of LB was shifted froa 270
degrees on the open side to 189 degrees on the brace side.
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The arc on the head surface of SB was reduced to 18@
degrees on the brace side.

The triplet of points on the brace edge of SB was reduced
to a pair.

The results were considerably improved., but some pulling
1in 2 persaisted.

The third modification reduced 3 pairs in the SB near
si1de to the upper 2 pairs.

The column of constraints 1in LB near side were removed.
The triplet on the open side of LB was reduced to the
upper pair.

The results showed there was still pulling in Y, and the
Z pushing magn:itudes on SB were high.

The fourth modification reduced the 180 degree arc on the
nut surface of LB to a 45 degree arc on the brace side.
The triplet on the near side of LB was resoted to moderate
those in SB.

The results were close but there was some pulling on the
brace side of SB and on the near side of LB.

The f1fth modificat:0n reduced the 3 pairs to the
lower 2 pairs on the brace side of SB.

The triplet on the near side of LB was reduced to the
lower pair.

The results were admissible!

In summary. the net overall change entailed:

reducing a full 3 pairs of SB brace side to the lower 2
pairs;

reducing a ful! traplet of LB open side to the vpper
pair;

eliminating the distant edge line and enabling a pair
of points on the brace edge of SB;

moving the LB 270 degree arc on the open side of the nut
surface to a 45 degree arc on the brace side
of the nut surface;

reducing a full 3 pairs of SB near side to the upper
2 pairs;

reducing a full triplet of LB near side to the lower
pair.

This cut and iry method was applied to every ioading
case 1n order to achaieve admissibility. What kept one
goi1ng was the optimistic certainty that just one more
try would braing the constraints i1nto line. And just like
Chariie Brown’s kasepall team something unexpected turnec
up each time to frustrate the success of the next try.
The next three 1llustrations show the surfaces only of
the soli1d element modell:ing used for the bracket as
viewed from 3 different positions.
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The following i1llustration shows color contours of
stresses from a single loading case.
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CONCLUSIONS

In conclusion 1t 1s faxr to say that the method
works and gi1ves reliable results slightly on the
conservative side. It still leaves an element of
uncertainty as to whether the honed set of constraints
is unique, since a reduced set of working locations was
used. Some shifting say to intercardinal points might
cause some chang2? in the stresses. In spite of this
nagging doubt, it claims to be a reasonably good
method. It can be tested further by running a set of
unidirectional nonlinear springs to obtain a measure of
its approximations.

Some comment might be made as to the efficiency of
the computing techniques, e.g9. Brute Force as was dane
here which devoted a complete run for every trial. 2.
Condensation of all points except boundary candidates
with restart of only the modified A-set. 3. Substructuring
with a unit substructure assigned to each cluster of
boundary points and tne bulk to the parent structure,
4, A true nonlinear investigation to recover the magni-
tudes of the boundary forces for each load case with a
companion run of the linear case which would then apply
these boundary forces for a lengthy stress recovery
phase.

The reason that the Brute Force method was used is

that the storage required to implement the other routes
taxed the limited resources of the UVAX.

The maxim that faits this story is: that whenever
the mesh of a model is so fine that a bore can’t be
represented as a point, one must be prepared for a
considerable amount of extra care 1f the stresses in
tne region of the boundary are important. In the words
of the Great CPU:

HE WHO MESHES FINE,

FINDS A MESH,
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